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ENGLISH AND DUTCH SPOTTING AND THE GENETICS 
OF THE HOTOT RABBIT 


In previous publications I have shown that English and Dutch patterns of 
white spotting are inherited as unifactorial Mendelian characters, the 
former behaving as a dominant, the latter as a recessive in crosses with 
unspotted (self) individuals. Each of the characters acts as an inhibitor 
of pigment production in particular regions of the coat and its action is 
stronger, that is larger white areas are produced, when its gene is homozy- 
gous (represented doubly) than when it is heterozygous (represented singly) 
in the zygote. But Dutch expresses itself very little in heterozygotes and 
so may properly be classed as recessive, although the difference between 
dominant and recessive characters in general is to be regarded as one of 
degree of expression rather than of kind. Both English and Dutch vary 
in expression through genetic agencies other than their heterozygous or 
homozygous state. In the case of English and to some extent also in the 
case of Dutch, such variation can be accounted for as due to modifying fac- 
_ tors, which apart from the spotting gene itself would perhaps not produce 
a spotted coat. 


ENGLISH 


Plate 3 shows the ordinary range of variation of the English pat- 
tern. Figures 1 and 2 show its appearance in homozygotes, figures 3 to 
6 in heterozygotes, as seen in “‘checkered giants.”’ Special modifying genes 
are probably responsible for the more massed, fused and extended state of 
the typical spots, seen in figures 7 to 10. Other special modifiers are 
probably responsible for the pattern of very numerous and separate small 
spots found in the exhibition type of English seen in Plate 4, figure 1. 

The English gene has its fullest expression in numerous distinct, colored 
spots on a white background in heterozygotes. The spots are carefully listed 
in the standards of fanciers. In homozygotes the size of these spots is 
diminished and many of them disappear altogether. Compare for example 
figure 1 with figure 2 of Plate 4, or figures 1 and 2 of Plate 3 with figures 
3 to 6 of the same plate. The maximum of distinct, colored spots, which is 
desired by the fancier but is found only in heterozygotes, may be listed as 
follows. 

A butterfly-shaped spot bestrides the nose. So characteristic is this mark- 
ing in carefully bred strains of exhibition English or in Checkered Giants 
that such strains are frequently referred to as ‘‘butterflies.”’ Not all 
individuals heterozygous for the English gene show this marking and it 
was not formerly insisted on as a feature of prize-winning animals. But. 
absence of the butterfly on the nose is probably not due to a modification 
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of the English gene itself or to a different allelomorph of it, but rather to 
some modifying factor. Dutch can function as such a modifier, as I shall 
show, and very probably did so function in the less improved strains of 
English having a white nose. Inspection of Plate 1 will show that the 
first manifestation of a gene for Dutch is a white nose, a white fore-foot or 
a star in the forehead. A gamete carrying a low grade of Dutch (Plate 1, 
figs. 1-3) uniting with a gamete carrying the English gene will often pro- 
duce an English individual with a white nose, as I have observed in cross- 
ing a small race of rabbits with Checkered Giants. 

A circle of colored fur surrounds the eye, and there 1s a smaller distinct spot 
below it. The ears are colored but not uniformly. The pigmentation shows 
a tendency to break up into smaller spots, especially along its margins. A 
spinal stripe begins on the neck and continues with occasional interrup- 
tions out on to the dorsal surface of the tail. 

Spots on either side of the spinal stripe are found chiefly on the middle 
of the back where they are largest and most numerous and extend farthest 
down the sides, but show a tendency to run together into a continuous dorsal 
blanket. Such fusion is not desired by the fancier who aims to secure by 
selection an open “herring-bone”’ pattern. 

Lateral spots beginning on the shoulder continue backward and downward 
along the sides below the “‘herring-bone” and form the ‘‘chain.”’ A spot 
is found near the middle of each leg (at morphological wrist and ankle). On 
the under side of the body, there is a colored spot at each teat and an imper- 
fectly expressed mid-ventral line, counterpart of the mid-dorsal or spinal 
stripe. The scrotum or other external genitalia may be mottled. 

A homozygous condition of the English gene causes many of these spots 
to disappear, or reduces the size of those which remain. This is better 
understood if we think of the English gene as causing the white areas rather 
than the colored spots. It produces the inhibition of pigment formation, 
of which the colored spots are mere residua, unaffected areas. Naturally, 
two doses of the English gene accentuate the inhibition and so diminish the 
unaffected areas. 

Other inhibitors of pigmentation, genetically distinct from the English 
gene are the genes for Dutch marking and for Vienna White. When either 
of these is associated with the English gene in a zygote, they have a com- 
bined action to whiten the coat, that is the colored spots are diminished in 
number and size. Doubtless other genes also modify the expression of the 
English gene, as in the type of modification seen in figures 7 to 10 of Plate 3, 
though apart from the English gene they have no observable efiect, but 
such genes have not as yet been individually identified. 


DUTCH 
The only known allelomorph of the English gene is non-English. ‘The case 
of Dutch is more complicated. The entire range of variation of the Dutch 
pattern is shown in Plate 1. The prize-winning type of the fancier shown 
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in figure 8 is not ordinarily true breeding, but produces three types of Dutch 
marked animals in a 1:2:1 ratio. Two of these types (the less numerous 
ones) are true breeding (homozygous). I have called them Dark-Dutch 
and White-Dutch respectively (see Plate 2, figs.2and3). Fancier’s Dutch 
(Plate 2, fig. 1) is a heterozygote between these two and so not true breed- 
ing, in which it resembles the well-known blue Andalusian fowl. White- 
Dutch (Plate 1, figs. 9-17) differs from Dark-Dutch in the following respects: 
(1) White-Dutch usually has a wider white belt, (2) the area posterior to 
the belt is broken up into a number of small spots, and (8) the anterior sur- 
face of the iris is unpigmented, producing a blue or “‘wall” eye. I regard 
these two types as allelomorphs of the same gene and in support of this view 
have presented evidence that both show linkage with the same gene, 
angora. ‘This, however, would not prove beyond question that they are 
allelomorphs, but only that their genes lie in the same chromosome, and 
Punnett and Nachtsheim question the allelomorph interpretation. But 
so many cases of multiple allelomorphism have now been established beyond 
question both for the rabbit and for other animals, that the allelomorph 
interpretation has much in itsfavor. At one time I described a third Dutch 
allelomorph ‘‘tan’” Dutch combining some of the features of the other 
. two, but it is possible that I was mistaken in this and that I was really 
dealing with a modified White-Dutch type, since it had wall eyes in some 
cases. Its pigmentation was in general more extensive than that of typical 
White-Dutch and it lacked the interrupted spotting posterior to the belt, 
but both of these differences may have been due to genetic modifiers. As 
the race is no longer extant, it is impossible to determine the matter by new 
experiments. The two types, White and Dark, are readily obtained at any 
time by inbreeding ordinary standard exhibition Dutch, and I am strongly 
of the opinion that they are allelomorphs. Occasionally, however, one 
finds a standard Dutch individual which is not a heterozygote of the two 
types but produces a uniform progeny when mated with a homozygous 
individual (White-Dutch, Dark-Dutch, or self). Hurst has described and 
figured such animals and I have recently obtained one from a fancier. 
They are in my experience, as in that of Hurst, rare as compared with the 
ordinary heterozygous type. They are probably modified Dark-Dutch, 
an explanation which I hope shortly to test by new experiments. 

The genes for White-Dutch and for English, though producing very differ- 
ent phenotypes, are closely linked with each other, as I was able to show 
in 1926. ‘They lie in the same linkage system as angora with which they 
show about 13 or 14 per cent of crossingover. In a cross of English with 
White-Dutch, Fi animals are produced which are unmistakably English in 
pattern but have the typical English spots reduced in number and extent 
(see figs. 2 and 3, Plate 7, Castle 1926). The colored spots which persist 
are those of the eye and ear, usually also a spot or two representing rem- 
nants of the spinal stripe or of the chain of side spots. The eyes are full 
colored (brown) as in ordinary English individuals. The White-Dutch 
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pattern, recessive in the F; animals, has a whitening influence on the coat 
about equal to that of a second dose of the English gene, though it specifi- 
cally eliminates all nose markings, which may persist, much reduced in 
extent, in homozygous English. 


COMBINED ENGLISH AND DUTCH 


A back-cross of such F,; animals with homozygous White-Dutch produces 
as a rule equal numbers of (1) English individuals like F; in appearance and 
genetic constitution and (2) of homozygous White-Dutch. The latter have 
blue (wall) eyes, the former brown eyes. From such a back-cross was 
reported in 1926 only one individual in 730 which was not clearly of one class 
or the other. This individual was apparently English but different from 
the other English segregates in that (1) its colored spots were limited to the 
eye and a part only of each ear, (2) its eyes were blue, not brown, and (8) 
its coat was angora, not short. The reduced English spotting and the 
blue eye indicated a homozygous condition of the Dutch gene. But pig- 
mentation at the base of the tail which is invariably present in even the 
whitest ordinary White-Dutch was in this animal entirely wanting, evi- 
dence that the English gene was present and inhibiting it. This interpre- 
tation was supported by the fact that the individual was long haired. For 
in the original cross an angora Dutch was mated with a short-haired English, 
and the back cross was made to angora Dutch. Hence the peculiar indi- 
vidual was apparently homozygous for the linked genes White-Dutch and 
angora, and at the same time heterozygous for English. - The combination 
could have arisen only by the union of a gamete carrying Dutch and angora 
(furnished by the Dutch angora parent) with a similar gamete (furnished 
by the F; parent) to which had been added by a crossover the English gene. 
Hereafter in this paper this individual will be referred to as the crossover 
individual. 

Concerning him I said in 1926 ‘‘Mated with homozygous White-Dutch 
females, he has produced four litters of young, part of which are ordinary 
White-Dutch and others very light English like himself, with no body 
spots whatever and very restricted head spots (eye and ear).”’ In the follow- 
ing pages I propose to give a fuller account of these and other progeny of the 
crossover individual. 

The crossover male was mated with a considerable number of homozygous 
White-Dutch females including his own mother, and by them produced 148 
young of which 71 resembled himself, showing the presence of an English 
gene in addition to a homozygous condition as regards White-Dutch. The 
other 77 young were ordinary White-Dutch individuals of grades ranging 
from 8 to 16 (table 1 and Plate 1). The 71 young which contained an 
English gene linked with one of the White-Dutch genes fall into four groups 
which will be indicated by the four grades (supplementary to those figured 
in Plate 3) 1, 4%, 4% and 0. Grade 1 is used to indicate an animal which 
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has eye-spots and also a small pigmented area on one or both ears; grade % 
indicates that the individual has eye-spots only; grade 14 signifies that the 
individual has a pigmented spot surrounding one eye only; and grade 0 
indicates that the animal has no pigmented fur, though the eyes as in all 
the other groups are colored. The frequencies of these classes were 11, 43, 
11 and 6 respectively (table 1). | More than half the individuals (43) have 
both eyes surrounded with pigmented spots but are elsewhere white. This 
may be regarded as the modal phenotype of this genetic combination. The 
corresponding modal phenotype among the 77 White-Dutch young born in 
the same litters and presumably having a like combination of modifying 
factors lies within the range of grades 11 to 14, Plate 1 (58 individuals). The 
only genetic difference between the two types is that one contains an 
English gene in addition to the genetic complex of homozygous White- 
Dutch, whereas the other does not. When the English gene is absent, 
there is always a pigmented area of varying size at the base of the tail and 
on the rump; when the English gene is present this area is wanting, and the 
only pigmented fur is found in the eye spots or less often on the ears. 

The crossover male was also mated with several of his crossover (English) 
daughters of grades 14, % or 1, producing 40 English-Dutch (crossover) 
young and 16 White-Dutch young, a fair approximation to the expected 
3:1 ratio. The Dutch young were of grades 9 to 16, with a majority (12) in 
the middle groups (grades 11 to 14) as in the back-cross population, indi- 
cating a similar assortment of modifying factors. The English (crossover) 
young are of the same four types as in the back-cross group with frequencies 
of 13, 14, 12 and 1, respectively. ‘The modal group is again that with a 
pair of eye-spots and no other pigmentation (grade 14). 

The crossover male was also mated with a few unspotted (self) females or 
such as were near self, being Dark-Dutch of grades 1 or 2 (table 1). In 
such matings he produced 18 young unspotted or low grade Dutch (grades 
0-4), and 16 unmistakably English young of grades 1 to 4. All except one 
of the 16 English young had colored spots additional to eye spots, either ear 
spots, a partial back stripe, or side spots, or a combination of some or all 
of these. The one doubtful case is that of a yellow individual which died 
young. Although he was recorded as having only one pigmented eye spot, 
it is quite possible that inspection at a later age would have revealed pig- 
mented areas on ears or body also. These matings show that with only one 
White-Dutch gene present, the one borne in the crossover gamete, a typical 
English pattern may be developed, whereas a homozygous state of White- 
Dutch associated with an English gene reduced the pigmentation to eye 
spots or at most to small additional ear spots. ‘The same complex of factors 
which increases the pigmentation in the English group of young to grade 4 
English, apparently increases the pigmentation in the Dutch group to 
erade 0 (self), 7.e., completely obliterates Dutch markings. 

Certain of the crossover young sired by the original crossover male were 
mated inter se or with typical White-Dutch animals. The young produced 
by these matings are classified in table 2. The young derived from matings 
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with White-Dutch fall into two classes as did the young produced in similar 
matings by the original crossover male. The crossover (English) young 
number 55 distributed in the four grades 1, 14, 14, and 0, with frequencies 
of 2, 21, 16, and 16, respectively. The modal group is again grade 14 with 
eye spots only. The Dutch young range in grade from 10 to 15, but number 
27 only. The reason why the Dutch young are in this group of matings 
less numerous than 50 per cent, as in the similar matings of the original 
crossover male, is that certain of the parents were homozygous for the cross- 
over combination, English-Dutch, and so produced only crossover young. 


TABLE 2—Later descendants of the crossover English-Duich male, 6559. 


Dutch young 
(grades 10-15) 


Grade of English young 


Parents 1 4% A 0) Total 
English (0-144) x White-Dutch ....... 2 21 16 16 55 27 
English (O-1) bred inter se ........... 8 77 75 85* 245 28 


*One with a small tail spot. 


In the matings inter se of crossover (English-Dutch) individuals of grades 
0-1 (table 2), there were also produced less than 25 per cent of Dutch young 
for the reason just stated, that some individuals were crossover homo- 
zygotes. The English-Dutch young produced by such matings numbered 
245, with a great majority of them having only eye-spots or no colored fur 
at all. One individual which had no spots on the head had a small spot on 
the tail. Most of them had blue (wall) eyes like the original crossover male 
and White-Dutch individuals in general. No particular record was made 
of this feature until a comparative study came to be made of the Hotot 
rabbit. ‘Then it was found that an occasional individual among them had 
brown eyes, or eyes partly brown (mosaic). This may be explained as due 
to the evenly balanced but opposite tendencies of the linked genes English 
and Dutch. Typical English individuals, whether homozygous or hetero- 
zygous, are brown-eyed; White-Dutch homozygotes are blue-eyed. In 
crossover individuals the homozygous state of the Dutch gene usually pro- 
duces blue eyes, but the tendency of the English gene to produce a brown eye 
may counteract the influence of the Dutch gene partially or wholly, so as to 
produce mosaic or wholly brown eyes. 

It may be observed in table 2 that the modal class of crossover young pro- 
_ duced in the inter se matings is the grade 0 group. Parents of that group 
were given preference in the matings made in the later generations. This 
perhaps explains why that group came to predominate, through the segre- 
gation of a particular set of modifying factors. 


THE HOTOT RABBIT 


Blane de Hétot!, Plate 6, figure 1, is the name of a breed of large-sized 
white rabbits kept in France and distinguished by a peculiar and striking 


color pattern. The animals are entirely white except fora circle of colored 
' Hereafter in this paper for simplicity Hotot. 
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fur surrounding each eye. The eyes themselves are colored. In the two 
animals which I have seen the eyes were brown, as in ordinary self-colored 
rabbits. Whether there is any variation in the eye color within the breed, 
I have had no opportunity to observe. 

When I first learned of the existence of this breed of rabbits I was struck 
by its close resemblance to the modal class of my English-Dutch crossover 
race, having eye spots only, and I sought an opportunity to compare the 
two races genetically. Only recently have I been able todoso. Through 
the kindness of Dr. Wade Wright of the Metropolitan Life Insurance Co. 
of New York who imported some Hotot rabbits from France and gave them 
to Dr. Wade Brown of The Rockefeller Institute, I received two male indi- 
viduals in 1930. My hearty thanks are due to both these gentlemen for 
generously providing me with experimental material which I had sought 
in vain elsewhere in America. From one of the animals which I thus 
obtained (Plate 6, fig. 1) numerous offspring have been secured in crosses 
presently to be described and these throw light on the genetic constitution 
of the breed. When Hotot is crossed with self-colored rabbits, offspring 
are produced which have the characteristic markings of English rabbits, 
colored areas additional to the eye spots being produced regularly on the 
ears, and in a spinal stripe, less often also on the sides, tail and nose (see 
Plate 6, fig. 2). This result supports Nachtsheim’s opinion that Hotot is 
in some way derived from the English mutation. 

When the Hotot male is mated to his English marked F, daughters from 
the cross with self does, two classes of young are produced in equal numbers. 
One class is typical Hotot in character with a spot surrounding one or both 
eyes but with no other spots. The other class consists of English marked 
animals like their F, mothers and presumably like them heterozygous. 
These bear, in addition to eye spots, ear-spots and usually also back spots, 
side spots or nose spots, or a combination of all of them. It is evident from 
this result that the Hotot character segregates as a unit, but varies in expres- 
sion as does the English-Dutch unit of two closely linked genes, since the 
eye spot may be present on one side only, or on neither side (grade 0). 

An F» generation from Hotot crossed with self consists of three types in 
approximately a 1:2:1 ratio. These are respectively, selfs, English of about 
grade 2 (like the F; parents) and-extracted Hotot. The first and last men- 
tioned groups are obviously homozygotes, the middle group heterozygous. 

In three such F-» litters there were recorded 5 self individuals, 9 English 
of grades 114 or 2, that is with spots additional to eye spots, and 8 with 
eye spots or no spots at all. 

The last group included one individual with two eye spots, 2 individuals 
with one eye spot each, and 5 individuals with no eye spots (grade 0). It 
is important to note that certain of the extracted homozygous Hotot indi- 
viduals had mosaic eyes similar to those found in the English-Dutch race. 

My own “‘crossover”’ race, which resembles Hotot, also produces English 
marked young in crosses with self (see Plate 5, fig. 3). Its genetic consti- 
tution is known to be a synthesis of English with the particular type of 
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Dutch which I have designated White-Dutch, and for this reason I have 
suggested elsewhere (Castle 1930) that Hotot may have resulted from a 
similar synthesis. This suggestion is strongly supported by the experi- 
mental evidence which I shall presently summarize. 

The chief difference between the Hotot male which was used in my 
experiments and my synthetic English-Dutch race consists in the eye color. 
The Hotot male has a brown eye, my English-Dutch rabbits usually have 
a blue eye (Plate 4, fig. 3), but I find among them, on making a careful 
inspection of my stock, one which has brown eyes (Plate 5, fig. 2), one which 
has the right eye chiefly brown (mosaic) and the left eye blue. Compare 
Plate 6, figures 3 and 4. It is accordingly possible for the English-Dutch 
phenotype to be brown-eyed partly or wholly, though in my experience it 
is usually blue. Brown eye, with the anterior wall of the iris pigmented, is 
characteristic of English; blue eye with the anterior wall of the iris unpig- 
mented is characteristic of White-Dutch. In Hotot and my English-Dutch 
race the two tendencies seem to be pretty evenly balanced, with brown eye 
predominating in the former, blue eye in the latter. 

In crosses of the two races with each other, the balanced state is expressed 
still more strongly. The Hotot male (a homozygote as regards Hotot pat- 
tern) having brown eyes has been mated both with English-Dutch having 
blue eyes and with pure White-Dutch having blue eyes. The results are 
similar in both cases. Combining them, we have in a total of 27 young, 
12 which are blue-eyed, 6 which have one eye blue, the other mosaic, 3 
which have both eyes mosaic, and 3 which have one eye blue, the other 
brown. ‘Three young died before their eye character had been determined. 

As to eye-spots in this group of young, 14 individuals have the spot of 
colored fur round each eye, 10 have one eye spot only, 3 have none. No 
other spots than eye-spots are developed in any of the young. In other 
words the phenotype common to both parent races is present in the great 
majority of their offspring, and none deviate from it in the sense of adding 
spots characteristic of English unassociated with Dutch (ear spots), or of 
Dutch unassociated with English (rump or tail spots). 

The evidence that Hotot and my synthetic English-Dutch race are of like 
genetic constitution may then be summarized thus: 


1. The two are similar in appearance (phenotypically). 

2. They reproduce the common phenotype when mated with each other. 

3. Both produce similarly marked English young, which are brown eyed, 
when mated with an unspotted (self) race. 

4. Both show simple segregation of the typical condition when a back- 
cross is made of the English marked F,; animals with the parent type, and 
the type segregates vary in a similar way. 

5. Both produce similarly marked Hotot type young when mated with 
White-Dutch. These young have eye spots only, or rarely no spots at all 
in the fur, and their eyes are either blue or mosaic, or at most they have only 
one eye brown. 
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6. An F2 from Hotot mated with self produces extracted Hotot animals, 
some with and others without eye spots, also some with mosaic, others with 
uniformly pigmented eyes, a parallel variation to that found in the English- 
Dutch race. 

There is accordingly every reason to think that the Hotot rabbit arose, as 
the synthetic English-Dutch race is known to have arisen, by a crossover 
between the closely linked genes English and White-Dutch in an individual 
heterozygous for both. 


POSTSCRIPT 


It might be well to consider the bearing of these observations upon the 
conception of ‘“‘step allelomorphism”’ presented by Ago! (31). He holds 
that genes are not discontinuous units composing chromosomes, but that 
“the entire chromosome is continuous’ and ‘“‘one gene passes directly into 
another,’ the component genes or portions of the chromosome being them- 
selves composite. Complete allelomorphism is found only when exactly 
corresponding parts of a pair of chromosomes are considered, these parts 
having equivalent somatic effects. In the example which he elaborates, a 
gene scute is considered to be completely allelomorphie to another gene 
scute only when it affects exactly the same quota of bristles on the body of 
Drosophila. But if it affects only a part of these bristles, it is only partially 
allelomorphic and must be given a different designation as scute', scute’, 
ete. Multiple allelomorphs on this view are portions of homologous 
chromosomes coming opposite each other in synapsis in part but overlap- 
ping so that one includes portions not included in the other. 

The concept seems to be based on a comparison of somatic effects, it 
being assumed that identical somatic effects are due to identical genetic 
agencies. ‘This is demonstrably not true. White fur in rabbits may result 
from a variety of genetic agencies, lying in different linkage systems (chro- 
mosomes), and so not allelomorphic on any conception of allelomorphism 
yet formulated. 

Genes of the rabbit which produce white fur are (1) the gene for albin- 
ism, c, which is located in the same chromosome with genes b (brown) and 
y (yellow fat), (2) the genes for White Dutch and for English which are 
located in the same chromosome with | (angora), (3) the gene for Vienna 
White which lies in a third chromosome. On Agol’s conception, English 
and Dutch might be considered step allelomorphs, since they have physio- 
logical effects which are similar in certain parts of the coat, and are demon- 
strably located in the same chromosome at loci not far apart. 

But Vienna White has local somatic effects (especially in heterozygotes) 
which closely resemble those of White Dutch. The resemblance is much 
closer than that between English and Dutch. Yet the gene for Vienna 
White is not borne in the same chromosome as White Dutch, English and 
Angora, and so can not be considered an allelomorph of White Dutch on 
the conception of allelomorphism formulated either by Agol or by Morgan. 
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Our present knowledge agrees better with the conception of a gene as an 
organic compound of definite and stable constitution found ordinarily only 
at a particular locus of a particular chromosome. Allelomorphs of the same 
gene differing in their somatic effects doubtless differ in their constitution, 
perhaps analogous with the differences in chemical isomeres. 

It is quite conceivable that by translocation, true allelomorphs might 
come to lie in non-homologous chromosomes, in which case they might no 
longer be recognizable as allelomorphs, but would function as duplicate 
genes. Such cases are probably rare and have been demonstrated thus far 
only in the case of plants in which polyploidy is common. 
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CASTLE PLATE 1 


Grading scale for classification of Dutch rabbits. Grade 8 is type desired by fanciers. Grades 
9 to 17 are types homozygous for the White-Dutch gene, which differ among themselves through 
the action of modifying factors. Grade 18 is the Hotot, or combined English-White Dutch type. 
Compare Plates 5 and 6. 
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CASTLE PLATE 2 


Fig. 1—Standard exhibition Dutch rabbit. 

Fie. 2—White Dutch of grade 15 (Plate 1). Note 
unpigmented iris (wall eye). 

Fie. 3—Homozygous Dark Dutch of grade 5 or 6. 
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Grading scale for classification of English rabbits. Grades 1 and 2 as seen in homozygous 
““checkered giants,’ grades 3 to 6 as seen in heterozygous ‘‘checkered giants.’’ Grades 7 to 10 
show dark modifications of English due to special genes. After drawings by Dr. C. E. Keeler. 
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GASTLE PLATE 4 


I't@. 1—Type of exhibition English desired by the fancier, heterozygous for the English gene. 


Fie. 2—Homozygous English with spots restricted to eyes, ears and spinal stripe. 
Fie. 8—A typical crossover English-Dutch rabbit, homozygous for White Dutch, heterozy- 


gous for English, wall-eyed and with a spot of non-agouti black fur around each eye. 


CASTLE PLATE 5 


Fig. 1—English-Dutch angora, homozygous for all three linked genes and wall-eyed. 

Fie. 2—An English-Dutch rabbit of grade 144 (with eye-spots only). It is homozygous for 
White Dutch and heterozygous for English, but its eyes are brown and so in all respects it resembles 
Hotot rabbits. 

Fig. 3—F, rabbit from a cross of such an Einglish-Dutch animal as is shown in Plate 4, figure 
3, with a self (unspotted) mate. Its eye spot is of non-agouti black fur. Compare with Plate 6, 
figure 2. 
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Fic. 1—The original Hotot male, with brown eyes and gray fur in its eye-spots. 

Fig. 2—F; gray English rabbit produced by crossing the Hotot male shown in figure 1 with 
a blue self female. Compare with Plate 5, figure 3. 

Fies. 3 and 4—Left side and right side respectively of head of a rabbit with gray eye spots 
(English grade 14) whose sire was the Hotot male figure 1, and whose mother was an English- 
Dutch (compare Plate 4, fig. 3). The left eye is mosaic, the right blue. In the coat, eye spots 
only are pigmented. 
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ALBINO ALLELOMORPHS OF THE RABBIT WITH 
SPECIAL REFERENCE TO BLUE-EYED 
CHINCHILLA AND ITS VARIATIONS! 


INTRODUCTION 


Albinism in the rabbit, as in the mouse, rat and guinea-pig, was one of the 
first Mendelian characters to be studied. Castle showed in 1905 that 
the pure white type of albino rabbit is allelomorphic to the Himalayan type 
with pigmented extremities, and Sturtevant (1913) used this case as an 
argument in favor of the view that a unit character can have more than 
two allelomorphic forms (dominant and recessive), since full color, com- 
plete albinism and Himalayan albinism form a series of triple allelomorphs. 
Wright (1915, 1916) in his studies of the guinea-pig established the existence 
of four different albino allelomorphs, forming a graded series in the amount 
of pigment produced. His data show that these grades are entirely dis- 
continuous and completely allelomorphic. Later, after the discovery of a 
fifth allelomorph (1923) and a very extensive study of the entire series 
(1925), he has suggested “‘that the members of the albino series in mammals 
determine the rate of some one process fundamental to all pigmentation 
and that the irregularities in the order of effect on different kinds of pig- 
ment, or in different regions of the body, are due to subsequent physiologi- 
cal processes with which the albino series has nothing to do.” In general 
the higher grades of pigmentation are dominant over lower grades in rab- 
bits as in mice and guinea-pigs, but the dominance is often incomplete, par- 
ticularly in the case of the lower grades of pigmentation. 

In 1921 Castle showed that the chinchilla rabbit, like the silver agouti 
guinea-pig, is an allelomorph of albinism and full color, and in 1926 he 
established the fact that two different chinchilla allelomorphs can be 
recognized, making five albino allelomorphs in all. What was considered 
a sixth was described by Kosswig (1927) and Nachtsheim (1929) as 
occurring in the ‘Marder’ rabbit. Kosswig was also able to show that the 
Marder varies in depth of pigmentation with the temperature, as had pre- 
viously been shown by Schultz and others to be true of the Himalayan rabbit. 

The various standards for chinchilla rabbits in use by American rabbit 
fanciers have recognized three distinct types of eye color in the chinchilla 
as brown, gray and blue. All three types were found to occur in the progeny 
of pure bred brown-eyed dark chinchillas in possession of the writer in 1927. 
An attempt to analyze this variation in eye color and its relation to the 
members of the albino series has led to a somewhat extended study of the 


1 Based on a thesis submitted to the Faculty of the Bussey Institution, Harvard University, 
in partial fulfilment of the requirements for the degree of Doctor of Science. 
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entire series. It is of special interest in throwing further light on the 
nature of the albino mutants. 

Proof is presented in this paper of the existence of at least three different 
chinchilla allelomorphs, making a total of six allelomorphs in the albino 
series of the rabbit. These, in order of decreasing intensity of coat pig- 
mentation are (1) full color; (2) dark chinchilla, which will be designated 
chinchilla No. 3; (8) light chinchilla or chinchilla No. 2; (4) pale chin- 
chilla or chinchilla No. 1; (5) Himalayan albinism; and (6) pure white | 
albinism. Dark chinchilla (ch?) ! seems to correspond fairly well with 
Castle’s “‘dark”’ chinchilla, although as defined by him this might have in- 
cluded light chinchilla (ch?) also. Nachtsheim’s “‘Marder” almost certainly 
is identical with Castle’s ‘“pale chinchilla’? which is the pale chinchilla (ch!) 
of the present paper. 

Blue eye is characteristic of the darkest chinchilla allelomorph, which will 
be referred to here as dark or No. 3 chinchilla. Gray eye and one type of 
brown (pseudo-brown) are modifications of the blue type effected by genes 
inherited independently of the albino series. 

A certain amount of yellow pigment described by Castle as sometimes 
occurring in the chinchilla coat and known to fanciers as ‘“‘rusty back’ 
appears to be inherited independently of albinism. 

A new genetic factor affecting the width of the agouti band of the sec- 
ondary guard hairs and wool hairs of the chinchilla is also here described for 
the first time. 


ALBINO SERIES OF THE RABBIT 
FULL COLOR 


The gene responsible for the development of full color in the coat is 
dominant over all of its allelomorphs.? Its combination with any one 
member lower in the series is indistinguishable from a combination with 
any other member of the series or from homozygous full color. Animals 
bearing the gene for full color are capable of developing both black and 
yellow to their fullest extent. Black, however, may be modified in different 
ways by other genes such as chocolate (b), dilution (d), and extension 
(EH, EP, e). Yellow may vary from intense rufous red to fawn and cream, 
influenced by such genes as dilution (d), and certain modifying genes 
described by Pap (1926) which, however, have never been satisfactorily 
analyzed. The eye in a rabbit of full color is brown, but is influenced by 
dilution and by chocolate. Full color is not known to be influenced by 
environmental agencies. 


1 Following the system of symbols established by Bateson and elaborated by Castle, full color 
is designated C, chinchilla cech, Himalayan c# and true albinism c. The three chinchilla types 
would then be cch!, cch? and ech?, For simplicity I shall in this paper use the shorter forms ch!, 
ch? and ch’. 

2 Three cases have been cited by Snell (1931) of incomplete dominance of full color in the house 
mouse, but so far as I know there are no authentic similar cases in the rabbit. 


Tur CHINCHILLA RABBIT 19 


THE ALBINO ALLELOMORPHS 


There occur as mutations from the full color of the wild type of rabbit 
two forms of albinism, the Himalayan and the true or complete albino. 
Their inheritance was first described by Castle (1906) as that of Mendelian 
recessives. This result was confirmed by Hurst (1906) and Punnett (1912). 
From the true albino, melanic pigment is entirely absent. The skin and 
iris are white and the pupil of the eye is pink, due to the reflection through 
it of the red blood in the tissues behind it. Pigment in the skin of the Hima- 
layan albino is entirely absent at birth but a thermolabile pigment develops 
under normal environmental conditions after birth, producing the well- 
known markings of the extremities, nose, ears, feet and tail. The num- 
erous studies of this phenomenon made by Schultz (1918, 1922, 1927 and 
1930) and of Lenz (1923) and Iljin (1926) show that the development of 
pigment at the extremities is the result of the lower temperature of these 
’ parts and may be produced in other regions also by temperature control. 
The pupil of the eye is pink in the Himalayan as in the true albino, and the 
iris is of a milky gray color but it is capable of developing pigment under 
certain conditions as shown by Schultz (1927, 1929) by means of tissue 
cultures and transplants. 


THE CHINCHILLA ALLELOMORPHS 


The origin of the chinchilla allelomorphs is obscure. The chinchilla 
rabbit first came to the notice of fanciers in France during the world war. 
In 1920 chinchillas then imported into this country were producing poorly 
colored individuals which in the non-agouti form have since come to be 
well known and prized as Sables. Castle (1921) obtained a pair of chin- 
chillas from England and in 1926 described, as occurring among their 
progeny, two forms having degrees of pigment intermediate between full 
color and Himalayan albinism. ‘‘Dark’’ chinchilla he described as produc- 
ing intense black pigmentation with a certain amount of yellow in agouti 
individuals, restricted to the yellow ticking of the guard hairs of the back. 
Nachtsheim (1929), who like Castle has produced the non-agouti form of 
chinchilla, finds it difficult to distinguish from the full-colored non-agouti 
(black). The eye color of chinchilla was described by Castle as gray with 
a red glow by reflected light. Nachtsheim described the eye color of Ger- 
man dark chinchillas as brown, although blue or gray eyes are now known 
in chinchilla rabbits in Germany as indicated by Schultz (1930). Ameri- 
can fanciers desire the brown eye, but have been greatly troubled with 
the segregation of blue and gray eyes from pure bred, brown-eyed chin- 
chilla stocks. 

“Pale” chinchilla, as described by Castle, lacks yellow pigment com- 
pletely and has a reduced amount of black, making the individual appear 
much paler. The non-agouti form was designated by him “sepia.” Fan- 
ciers now call it sable. The descriptions and figures given by Castle (1926) 
for “‘pale’” and those given by Kosswig (1927) and Nachtsheim (1929) for 
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“Marder” suggest strongly the identity of the two. It seems probable that 
Marder is actually a non-agouti combination of the allelomorph which 
Castle described as pale (see Plate 3 of Castle, figs. 4 and 8 of Kosswig, and 
Plate 2 of Nachtsheim). 

The pigment of the Marder, like that of the Himalayan albino, has been 
shown by Kosswig (1927) and Schultz (1930) to be subject to the influence 
of temperature. The optimum temperature for pigment formation is 
found by Schultz to be higher in the Marder than in the Himalayan, and 
the temperature gradient from one part of the body to another appears to 
be responsible for the variation in body color, the sides being characteris- 
tically lighter in the Marder heterozygous for complete albinism, while the 
extremities, as in the Himalayan, are darker. 

The existence of an intermediate form distinct from pale, and also from 
dark chinchilla, is indicated in the ‘‘dunkel sepia” of Kosswig (1927) but 
experimental evidence that it represents a distinct chinchilla allelomorph 
was not presented. It lacks yellow pigment and shows a slight reduction of 
black as compared with dark chinchilla. I shall designate it light chin- 
chilla (ch?). The eye color of ‘‘dunkel sepia’? and ‘‘Marder’” has been 
described by Kosswig as dark brown with a red glow by reflected light. 


MATERIALS AND METHODS 


This study was originally begun with what were reported to be pure- 
bred, brown-eyed dark chinchillas, but they proved to be, like the chin- 
chillas of Castle, heterozygotes of two chinchilla allelomorphs which I 
have designated pale chinchilla (ch!) and dark chinchilla (ch®) (see 
figs. 2 and1). The former I believe to be identical with Castle’s (1926) 
‘pale’ and the German “Marder.” A direct comparison with the latter 
has been made possible by the use of a Marder buck, placed at my disposal 
by Dr. Castle. It was generously sent to him at his request by Dr. Nachts- 
heim, and was brought to this country by Dr. Walter Landauer in Septem- 
ber 1930. This male differs in no way from my non-agouti pale chinchillas, 
which are heterozygous for albinism (see figs. 7 and 8). When mated to 
the same albino stock as has been used in my other experiments, he has 
produced five offspring like himself and four albinos. 

Dark chinchilla is found in blue-eyed dark coated animals, corresponding 
in a general way with the gray-eyed dark chinchilla of Castle (1926) and 
the blue-eyed chinchilla of Schultz (1930). Various matings involving 
these two types as shown in table 2 had been made previous to my taking 
up study at the Bussey Institution in 1929, and it was considered prob- 
able that the two types were identical with Castle’s dark and pale types. 
On examination of my animals by Dr. Castle this assumption was not veri- 
fied with respect to the eye color of dark chinchilla. It was also found that 
the chinchilla animals, then in the Bussey stock and which seemed to be 
breeding true, differed from my dark chinchillas (1) in having a slightly 
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less intensity of black pigment in the coat, (2) in the total absence of yellow 
from the coat, and (8) in a slight tendency to thermolabile pigment produc- 
tion (7.e., responsiveness to temperature differences), (4) in having a brown 
eye and (5) in being incompletely dominant over albinism. This Bussey 
race was not the one originally studied by Castle but had been obtained 
from Dr. Nachtsheim’s laboratory in some animals heterozygous for the 
rex gene. Their non-agouti forms correspond closely with the ‘Dunkel 
sepia” form of Kosswig. It seems probable therefore that these two are 
identical and they will be designated in this paper light chinchilla. In 
table 1 are shown what I regard as the probable equivalency of the terms 
used in classifying chinchilla rabbits by Castle, Nachtsheim and Kosswig, 
and the present paper. 


TABLE 1—Corresponding types of chinchilla in classifications of Castle, Nachtsheim and Kosswig 
and the present paper. 


| 

Castlen see yi we Dark chinchilla, eyes | Pale chinchilla 
gray 

Nachtsheim and Dark chinchilla, eyes | Pale or ‘‘Dunkel | Marder or Sable, eyes 

Kosswig ....... brown sepia,’’ eyes brown brown (non-agouti 
(non-agouti form) form) 

SA WIM cease) vewvenateteys Dark chinchilla (ch*), | Light chinchilla (ch2), | Pate chinchilla (ch}), 
eyes blue, gray, or eyes brown (non- eyes brown (non- 
pseudo-brown (non- agouti form, dull agouti form, sable) 
agouti form, intense black) 
black) 


Records have been kept of all offspring produced, as to intensity of black 
pigmentation, rustiness of the back and eye color. Intensity of black has 
been noted at birth, all three characters have been noted at six weeks of 
age and records have been made at several other periods prior to maturity, 
especially in the earlier matings. Comparisons of coat color and rustiness 
of the back have been made by the use of a prepared series of skins supple- 
mented by examination of living animals. An attempt was early made to 
grade the sepias and yellows by the use of Ridgway’s color standards, but 
this method did not prove as satisfactory as the use of prepared skins, and 
so was discontinued. The method of comparing eye colors will be dis- 
cussed later. 


BROWN-EYED DARK CHINCHILLA (CH°’CH’) 


At the beginning of this study several matings inter se were made of the 
supposedly pure bred, brown-eyed chinchillas (mating 1, table 2). It 
soon became evident that these rabbits, like those of Castle (1926) were 
heterozygous for two types of coat color but, unlike his, they were also 
heterozygous for eye color. The eyes of the parents appeared to differ in 
no way from those of full-colored brown-eyed rabbits available for com- 
parison. 
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From this mating 152 offspring were produced, of which 123 were raised 
to an age of 6 to 8 weeks or beyond. ‘The latter consisted of 32 blue-eyed 
dark chinchillas, 58 brown-eyed dark chinchillas like their parents, and 33 
brown-eyed brown-sided chinchillas later designated pale chinchillas. 
These numbers are a close approximation to a 1:2:1 ratio. 

When blue-eyed dark chinchillas derived from mating 1 were mated 
inter se (mating 2, table 2) 25 offspring were produced, all blue-eyed dark 


TABLE 2—Classification of young produced by matings involving dark vs. pale chinchilla and 
blue vs. brown eyes. Numbers in parenthesis show theoretical expectations. 


Blue-eyed Brown-eyed Brown-eyed Totals 
dark chin. dark chin. pale chin. 


1 Brown-eyed 
dark chin. 32 (380.7) 58 (61.5) 33 (30.7) 123 
2 Blue-eyed 
dark chin. 25 (25) sis at 25 
33 Brown-eyed 
pale chin. oe “is 20 (20) 20 
4 Brown-eyed 
dark x brown- 
eyed pale iy 34 (36.5) 39 (36.5) 73 
Brown-eyed 
dark x blue- 
eyed dark 48 (54.5) 61 (54.5) ane 109 
6 Blue-eyed 
dark x brown- 
eyed pale Me 17 (17) ad 7 


Mating No. Parents 


on 


chinchillas like their parents. When the brown-eyed pale chinchilla off- 
spring of mating 1 were mated together (mating 3, table 2) only brown- 
eyed pale chinchillas were produced, 20 in number. This result indicates 
that the blue-eyed dark chinchilla and the brown-eyed brown-sided or pale 
chinchilla are both homozygous and due to different allelomorphs of the same 
gene. If so, brown-eyed dark chinchillas should be heterozygotes of the 
two types. This interpretation is supported by the results of backcross 
matings. Brown-eyed dark chinchillas mated with brown-eyed pale chin- 
chillas (mating 4, table 2), both selected from the offspring of mating 1, 
produced 73 offspring of which 34 were brown-eyed dark chinchillas and 
39 were brown-eyed pale chinchillas. The departure from equality of the 
two classes is only 2.5 which is less than the probable error, 2.8, and so is 
not statistically significant. This accordingly may be regarded as a 1:1 ratio. 

In mating 5 a backcross ‘was made of brown-eyed dark chinchillas with 
blue-eyed dark chinchillas and 109 offspring were produced, all dark chin- 
chillas, but 48 were blue-eyed and 61 were brown-eyed, a deviation from 
equality of 6.5. The probable error for this number of offspring is 3.23, 
which is just about half the size of the observed deviation, which accordingly 
is probably not significant but due to random sampling. If dark coat (a 
dominant character) and blue eye (a recessive) were independently inher- 
ited, we should expect the double recessive recombination, pale coat with 
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blue eyes, to occur in one in sixteen of the F» individuals, but no such com- 
bination occurs in any of the matings recorded in table 2. 

Dominance of dark coat and of brown-eye is shown particularly well in 
mating 6, in which the two true breeding types are crossed (dark chinchilla 
with blue eyes x pale chinchilla with brown eyes). The 17 offspring pro- 
duced are all dark coated and have brown eyes. 

If we turn again to mating 1 and assume that blue eye is due either to a 
gene independent of dark coat or to one loosely linked with it, we expect a 
recombination class to occur in which blue eye will be associated with pale 
coat, but no such class has been observed. But if we assume that dark 
coat and blue eye are effects of one and the same gene (or of two genes 
closely linked) and that brown eye and pale coat are likewise manifestations 
of a single gene (or two closely linked), then only the three observed classes of 
individuals are to be expected in the observed ratio of 1:2:1. The expected 
ratio in a population of this size is 30.75 blue-eyed dark chinchillas: 61.50 
brown-eyed dark chinchillas and 30.75 brown-eyed pale chinchillas. The 
observed numbers deviate from these expectations by 1.8 + 3.24, 3.50 + 
3.74 and 2.3 - 3.24, respectively. The probable error in the second class is 
computed on the expectation that this class will comprise half the total pop- 
ulation, and in the case of the other two classes that each will comprise one- 
fourth of the total. The deviation in each class is so slight as to be less 
than the probable error and thus to conform exactly with a 1:2:1 ratio. Fur- 
thermore if the linkage were not quite complete, that is to say if a small 
amount of crossing over were occurring, the second or double dominant class 
should be larger than the expectation calculated and the other two classes 
should be smaller. The observed deviations are of an exactly contrary sort. 

These data gathered in part for other purposes indicated a close associa- 
tion of blue eye with dark coat and suggested making additional tests. 


INFLUENCE UPON COAT COLOR AND EYE COLOR OF ALBINISM 
IN HETEROZYGOUS COMBINATIONS 


If blue eye is one of the manifold effects of a dark chinchilla allelomorph 
and is not transmitted even potentially by albinos, then when this gene is 
combined with albinism only blue-eyed dark chinchillas should result. 
But if brown-eyed individuals are produced in such matings, the brown eye 
must have been derived from the albino parent. 

The first mating indicating an inability of the albino to transmit brown 
eye was made between a brown-eyed dark chinchilla (known from pedigree 
to be heterozygous for pale chinchilla) and an albino of the breed known as 
New Zealand White. This breed, except as regards the color factor, is of 
the same genetic constitution as the New Zealand Red, a brown-eyed breed 
with a reddish yellow coat. The white doe was a daughter of pure-bred reg- 
istered stock, which had been winning prizes consistently in rabbit shows and 
manifested all the characteristics of the New Zealand White breed. There- 
fore it seemed logical to assume that this doe was genetically brown-eyed, 
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although production of brown pigment was inhibited by the epistatic rela- 
tionship of albinism. All of her gametes might be expected to transmit 
brown eye, which, as we have seen, is dominant over blue eye, and so only 
brown-eyed young might be expected from a mating with a blue-eyed 
chinchilla animal. But if the albino parent did not exert any influence on 
the eye color of her offspring, then these might be expected to be of two 
classes, (1) blue-eyed and dark-coated and (2) brown-eyed and pale-coated. 
These two classes (and no others) actually resulted. They are included in 
the progeny of mating 1, table 3. The brown-eyed young in this case were 


TaBLe 8—Tests for linkage between dark coat and blue eye in matings of animals heterozygous 
for both characters with animals possessing neither. Expected numbers in parentheses. 


Blue-eyed | Brown-eyed Totals 


| 
Mating No. Heterozygous Homozygous dark-coated 
parent parent aitin, warm young 
1 o' ch? ch! 9 albino 28 27 pale chin. 55 
2 9 ch? chi 3 albino 23 20 pale chin. 43 
3 o&' ch? ch? 9 albino We 18 light chin. 35 
4 9 ch? ch? o' albino 30 40 light chin. 70 
5 o ch? C albino or 
ch? ¢ 47 35 full color 82 
Totals 145 (142.5) 140 (142.5 285 
Dev. and P.E. | 2.54 5.7 2.54 5.7) 


notably paler in coat color than the pale chinchillas previously obtained. 
This is characteristic of pale chinchillas heterozygous for albinism, as shown 
by Nachtsheim. The albino gametes of brown-eyed rabbits of full color 
but heterozygous for albinism were shown to be incapable of transmitting 
brown eye in matings with dark chinchillas. Eleven offspring have been 
so produced, of which six were blue-eyed dark chinchillas and five were 
brown-eyed full colored. 

Albino gametes from two other sources were likewise found to be inca- 
pable of influencing eye-color. Male No. 116 belonging to a pure bred, 
albino angora race has been used extensively in these experiments. Little 
is known of his pedigree. All 18 of his offspring by blue-eyed chinchilla 
does were blue-eyed. 

A male Himalayan albino was mated to a blue-eyed chinchilla doe, and 
the offspring resulting were all blue-eyed dark chinchillas not different in 
appearance from heterozygotes with true albinism. | 

It was now evident that none of the available sources of albino gametes 
were able to transmit brown eye. However, blue eye being a recessive, 
even a moderate degree of linkage between blue eye and albinism would 
make possible the carrying along of such a gene for generations without its 
manifestation in full-color combinations. 


TEST FOR LINKAGE BETWEEN BLUE EYE AND DARK CHINCHILLA 


The best test for linkage is made by mating the doubly heterozygous 
combination with the double recessive. In this case albinos (male 116 
and his offspring by albino female 119) were used as the double recessive 
class, since they carry neither dominant (brown eye or colored coat), it 
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being assumed for the purpose of the experiment that these characters are 
possibly due to different genes. 

There were available as double heterozygotes three classes of brown-eyed 
rabbits. The first class consisted of brown-eyed chinchilla animals (ch*ch!) 
produced in mating 6 (table 2) in crosses of blue-eyed dark chinchillas (ch*) 
with brown-eyed pale chinchillas (ch!). 

A second class of double heterozygotes resulted from the mating of blue- 
eyed dark chinchillas (ch?) with brown-eyed light chinchillas (ch?). The 
31 animals which composed this group (ch*® ch?) were indistinguishable in 
appearance from the class just previously mentioned (ch? ch’). 

A third class of double heterozygotes resulted from matings of blue-eyed 
chinchillas (ch*) with brown-eyed animals of full color (C). In a few cases, 
blue-eyed chinchilla does heterozygous for albinism (ch® ¢) were used as the 
double recessive parent in matings in which the doubly heterozygous 
parent was full colored. Such matings would allow crossovers as regards 
eye color to be detected equally well. See mating No. 5, table 3. 

Most careful attention has been given to the (ch? ch?) and the (C ch‘) 
matings because in these, two other variations were involved, namely yellow 
or rusty back and minor variations in eye pigmentation to be discussed 
later in this paper. In conducting these experiments all precautions were 
made to insure the raising of entire litters. In so far as possible only three 
or four young were left with each mother. All in excess of this number 
were transferred to a foster mother at birth. In spite of these precautions 
there has been some loss, which makes the record incomplete. 

Table 3 shows that in a total of 285 backcross young no crossovers have 
been observed between dark coat and blue eye, which were originally asso- 
ciated in the blue-eyed dark chinchilla ancestor of the heterozygous parent. 
All of the 145 dark chinchillas are blue-eyed, and al! of their 140 sibs are 
brown-eyed, whether pale coated, light coated, or of full color, according to 
the nature of the cross. The segregation of blue eye from brown eyeis 
clearly on a 1:1 basis. 

In the early classification of the young produced by mating 1 (table 3), 
12 pale-coated individuals were recorded as blue-eyed and accordingly as 
crossovers. But subsequently there developed in their eyes enough pig- 
ment to give them a very light grayish, rather translucent brown color. 
They have accordingly been classified as brown-eyed. An additional reason 
for so regarding them is the fact that no complementary crossovers have 
been observed, that is dark coated brown-eyed individuals. A final test 
of the correctness of this interpretation is afforded by a mating with a blue- 
eyed, dark chinchilla sib. If the suspected individual is genetically blue- 
eyed, only blue-eyed offspring would result. Actually, however, among 
ten offspring, two very light brown-eyed chinchillas resulted which could 
only have come from a brown-eyed gamete contributed by its pale chin- 
chilla mother. 

In support of the view that blue eye is completely linked with dark chin- 
chilla (or is a characteristic feature of the allelomorph ch*) may be recalled 


26 GENETICS OF THE Domestic RABBIT 


the fact that two different strains of albinos derived from brown-eyed fam- 
ilies possessing full color have failed to transmit brown eye when mated 
with blue-eyed chinchillas. Two other albino strains of different origin have 
likewise failed to transmit brown eye. The question now arises as to the 
probable relationship of blue-eyed chinchilla to gray-eyed chinchilla 
described by Castle. 1s it another allelomorph of the albino series? Unfor- 
tunately the race previously studied by Castle is now extinct and it is not 
possible by breeding tests to answer this question. But evidence is available 
from other sources which suggests that blue-eyed chinchilla is not a new 
allelomorph. 


VARIATION IN EYE COLOR 


Thus far in this paper, the term blue eye has been used in a rather gen- 
eral sense to include all eyes, characterized by absence of pigment from the 
anterior surface of the iris. Such appears to be the eye character of the 
wall-eyed White Dutch and Vienna White races described by Castle (1925) 
and Punnett and Pease (1925) in which the absence of pigment from the 
front of the iris is complete. In the blue eye of chinchilla rabbits the gen- 
eral appearance is similar but the absence of pigment is only partial, there 
being always a small amount of anterior pigment present even in the clear- 
est blue eye of this race (see figs. 10, 11 and 12). 

Variation in the amount of such pigment had been recognized from the 
beginning of this study, but its theoretical importance was not appreciated 
until the appearance of certain individuals, which were first recorded as 
blue-eyed dark chinchillas, but which at maturity resembled brown-eyed 
heterozygotes (ch® ch!). At first this was considered a possible result of 
an error in recording but the breeding behavior of two of these animals has 
shown the record to be correct. The eye color of such individuals may be 
designated pseudo-brown. When they are mated with albinos or with blue- 
eyed chinchillas they produce only blue-eyed young, some of which, however, 
usually become pseudo-brown with maturity, while others remain obviously 
blue. 

For the purpose of more intensive study, this brown contamination of the 
blue eye, which seems to vary continuously, may be classified into five 
grades, varying from a nearly clear blue to the darker pseudo-brown types 
(see fig. 26). In the latter the spots of pigment become so numerous as to 
appear practically continuous. In grade 5 the entire surface is covered, 
except that here and there small pinpoint dots of blue are usually visible, 
which pigment has failed to cover and these occur especially in the dorsal 
sector of the iris. In figures 12, 13, 14 and 15 are shown photographs of 
some of these types. 

It is impossible to classify doubtful cases with certainty until the animals 
have attained an age of at least eight weeks. Many have been raised to 
maturity and among them there has been found no change after twelve 
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weeks. ‘Two families which have manifested a tendency for pigment pro- 
duction throughout the life of the individual have been excluded. These 
may be genetically the same but influenced by other modifying genes. All 
individuals have been kept until there was no indication of further change. 
This study is not adequate to demonstrate completely the manner of inher- 
itance of this variation. However, from the standpoint of the nature and 
effect of each of the albino allelomorphs it is important to know whether 
such variation is inherited and, if so, whether it is associated exclusively 
with the dark chinchilla allelomorph (ch’%). 

Considerable data upon this variation have been obtained from the 
crosses already described. Among the dark chinchilla does mated to albino 
male 116 were several which were classified as grade 1. Of the twelve off- 
spring so obtained (mating 1, table 4) seven were of grade 2 and five were of 
erade 1 which is a fair approximation to a 1:1 ratio of grades 2 and 1. This 
indicated not only that the albino male was heterozygous for some gene 
inducing grade 2 pigmentation, but most important that these modifying 
genes unlike true brown eye may be carried by the gametes of an albino in 
which sort of individual they produce no visible effect. 

Some indication of the genetical difference between grades 3 and 4 was 
first found in the distribution of the offspring derived from females of these 
grades when mated with male 116. In mating 2, table 4, is shown the dis- 
tribution of the offspring of grade 3 blue-eyed dark chinchilla does with 
respect to grade of eye color, and in mating 3 is similarly shown the dis- 
tribution derived from grade 4 females. The mode is found to be class 
three in both cases, but the range starts and ends one grade higher in the 
case of the offspring of grade 4 does. 

A similar distribution was found in the offspring of the heterozygous 
ch®ch? females mated to male 116. The parents of these females were two 
dark chinchilla does of grade 4 modified blue eye and a light chinchilla 
male of medium brown eye, the angora rex previously described. The F; 
brown-eyed offspring were dark and medium in modification, but it hap- 
pened that only the former produced offspring. 

The progeny of these have been classified in mating 4, table 4, according 
to the grade of eye color. A similar degree of variation was found in both 
blue-eyed dark chinchillas and in brown-eyed light chinchillas (See figs. 16 
and 17) although the gradations are not as clear in the case of the brown 
eyes of the light chinchillas. The variation here is due merely to the degree 
of intensity of the brown, making the certainty as to whether an individual 
belonged in one class or in the next above sometimes questionable. The 
extreme classes, however, were never in doubt nor was there ever a question 
involving more than two adjacent classes. In the reciprocal cross, that 
of a ch’ch? male, comparable differences were also found in eye color ot the 
ch?c and ch2ce young as shown in mating 5 of table 4. The range includes 
for the most part only grades 2 and 3. The smaller range may be due to 
chance but more likely is to be explained on the basis of the genetically 
lower grade of iris pigmentation of the albino females. 
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The genes responsible for this variation also seem to influence the intensity 
of brown in the eye of pale chinchillas, as shown by the matings of ch%ch! 
males with albino females in table 3, mating 1. The light brown eye 
and the pedigree of the males indicated them to be of a very low grade of 
iris pigmentation. ‘The albino females used were of the same stock pre- 
viously described and therefore probably of a low grade. The offspring 
have been classified according to grade of eye color in mating 6, table 4. 
The distribution here includes grade 1 blue eye not found in the other matings 
and also a group not previously described, a very light brown. This type 
is of special interest because of its blue appearance at 4 to 6 weeks of age. 
This, together with the fact that at the time of first appearance crossover 
classes were being sought between blue eye and the albino series, suggested 
to me that it might be a blue-eyed pale chinchilla (ch'). Subsequently, 
however, the development of additional pigment showed it to be a very light 
brown eye, not a blue as found in dark chinchilla. 

A similar and even lighter modification of brown eye was observed among 
the Fs segregates from a medium brown-eyed light chinchilla crossed with 
albino female 119. Two of these individuals were first considered to be 
the result of the union of crossover gametes with albino non-crossover 
gametes. The crossover of blue eye in this case would have been from albi- 
nism to light chinchilla (ch?). The subsequent development of further pig- 
ment, however, resulted in a very light brown eye at the age of three months. 
Later four other individuals of this type appeared out of fourteen sibs, 
making it improbable that these arose as crossovers, especially since each 
individual must have arisen as the union of two crossover gametes, making 
a total of twelve crossover gametes from this one cross involving an F2 
population of only twenty-three individuals in all. The most probable 
explanation of these cases seems to be a lack of modifying genes, which lack 
makes a genetically brown eye look blue at an early age. Such an inter- 
pretation is not illogical if we remember that albino female 119 carries a low- 
grade iris pigmentation and that the light chinchilla parent was classified 
as having a medium brown eye. 

The brown eye of full-colored rabbits is also influenced in the same 
manner as demonstrated by the matings of full-colored male 34M1 (Cch’) 
previously described (see figs. 18 and 19). He was light brown-eyed, the 
son of female 118 a grade 2 blue-eyed dark chinchilla and was sired by a 
dilute sooty yellow (Cdea) male. ‘The latter male was apparently of a low- 
gerade iris pigmentation, since all of the Fis were of a low grade. ‘The 
results of mating 34M1 with dark chinchilla females of each of the grades 1, 
2 and 3 eye color are shown in matings 7, 8 and 9 of table 4. The numbers 
are small but the same tendency to segregate several shades of brown is 
apparent. 

That light brown eyes of full-colored rabbits are genetically the equiva- 
lent in grade of iris pigmentation to low grade blue eyes of dark chinchilla 
is further indicated by matings of two light brown-eyed full-colored daughters 
of 34M1 with grade 1 blue-eyed dark chinchilla male 71N2. Eight off- 
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spring have been raised to twelve weeks of age, five of which are full colored 
with a light or very light brown-eye and three are dark chinchillas, two of 
grade 1 blue-eye and one of grade 2 blue-eye. 

Similarly very light brown-eyed pale chinchillas heterozygous for albi- 
nism have been mated to grade 1 blue-eyed dark chinchilla male 71N2 (also 
heterozygous for albinism). ‘There have been produced seven blue-eyed 
dark chinchillas of grades 1 and 2, eight very light brown-eyed pale chin- 
chillas and three very light brown-eyed dark chinchillas, undoubtedly 
heterozygous for dark and pale chinchilla (ch*ch!). 

Corresponding matings of very light brown-eyed light chinchillas can not 
be shown at this time. Evidence that very light brown eye in this type of 
chinchilla is also genetically similar to low grade blue eye of dark chin- 
chilla has already been presented, since neither a grade 1 blue eye nor a very 
light brown eye is found in matings 4 and 5 of table 4. They are found, 
however, as described above, in the F2 from the cross of a medium brown- 
eyed light chinchilla male with albino female 119 known by previous breed- 
ing test to be genetically of low grade iris pigmentation. 

An early attempt to formulate a working hypothesis led to the assump- 
tion of two pairs of genes having a cumulative effect upon the pigmentation 
of the front surface of the iris as the simplest possible explanation of the 
then known facts. As a test of this hypothesis, matings were made between 
erade 3 and grade 4 blue-eyed dark chinchilla does and a grade 1 blue-eyed 
dark chinchilla male, 71N2. Of the six grade 3 mothers used there is good 
reason from their pedigrees to think that five were heterozygous for both 
pairs of iris modifiers. The sixth doe could have been either homozygous 
for one pair of genes or heterozygous for both pairs. But as she produced 
only three young, her contribution affects the general result very little. 
The combined result (mating 10, table 4) approaches the 1:2:1 ratio to be 
expected from such matings, based on this hypothesis. 

The progeny of the grade 4 does are classified in mating No. 11, table 4. 
The genetic composition of the mothers may be assumed to have been 
either MMM’m’ or MmM’M’, on the basis of two pairs of genes having a 
cumulative effect, but in that case only two classes of young are to be © 
expected, viz, grade 2 and grade 3. However, there have appeared in 
addition four grade 1 individuals and three grade 4 individuals which in no 
way could be classified with the other two groups. In order to derive four 
classes from such a mating it would be necessary for the grade 4 parent to 
be heterozygous for each of three separate genes and these matings may be 
considered as evidence that a Mendelian interpretation of this continuous 
variation must be based upon at least three pairs of genes. 

It is significant that none of these types, grades 2, 3 or 4 appear to be 
completely dominant to grade one, nor do any of the matings made up to 
this time manifest a strictly “blending”’ type of inheritance. This is evidence 
of genetic heterozygosity of the animals used and that the genetic factors 
involved are somewhat numerous. It may account, together with possible 
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heterozygosity of dark chinchilla with light or pale chinchilla, for the diffi- 
culty which fanciers report in obtaining true-breeding brown-eyed chinchillas. 

If the factors involved are numerous, it is quite probable that the grade 3 
and grade 4 individuals used in these experiments are more or less hetero- 
geneous as to their genetic constitution and therefore the ratios obtained in 
table 4 are not valid in any precise determination of the genetic factors 
involved. I can not therefore attach great importance to any formulations 
of factorial composition at this time. Matings which will give a more pre- 
cise basis for such a formulation are now in progress and may be reported in 
the future. 

It was shown above that albino male 116 was genetically of a higher grade 
eye color than grade 1. It is interesting to note that this fact is substanti- 
ated also by the distribution of his offspring from grade 3 and grade 4 does 
as compared with those obtained from male 71N2, a grade 1 blue-eyed dark 
chinchilla who was also mated with grade 3 and grade 4 females. (Com- 
pare matings 2, 3 with matings 10 and 11 of table 4.) 

While blue-eye appears to be essentially an effect of the dark chinchilla 
allelomorph, the data presented above constitute evidence that it is second- 
arily influenced by modifying genes responsible for the presence of more or 
less pigment in the front wall of the iris. These genes appear to be trans- 
mitted independently of the dark chinchilla gene, since corresponding 
reductions of pigment intensity are found in light and pale chinchilla segre- 
gates and in full-color segregates produced in the same litters as the dark 
chinchilla young. 


HETEROCHROMIA IRIDIS IN DARK CHINCHILLAS 


A number of cases in both man and animals are on record in which the 
iris of one eye (or parts of it) differ in color from the iris of the other eye. In 
man two types have been recognized, one which is pathological and the 
other hereditary. Bond (1912) has discussed the latter type in some detail. 
Perhaps there is no better known example than that which occurs in the 
White Dutch and Vienna White races described by Castle and by Punnett 
and Pease. ‘The heterochromie condition in these races appears more or 
less characteristic of certain degrees of white spotting or marking. 

During the course of this study upon eye color, several cases of mosaic 
iris have come to my attention which are of interest both from their rela- 
tion to this particular problem and also from the point of view of mosaics 
in general. | 

Among certain matings of blue-eyed dark chinchillas with pale chin- 
chillas heterozygous for albinism have appeared two heterochromie indi- 
viduals. One of these, dark chinchilla doe 8618, was first recorded at one 
month of age as having a gray-blue eye with a dark brown sector in the 
upper posterior portion of the iris. The bluish gray sector of this eye grad- 
ually became brownish until at maturity it was classified as a very light 
brown. When this doe was mated with albino male 116, four dark chin- 
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chillas and three pale chinchillas were produced, showing the heterozygous 
nature of the mother. None of these young showed any indication of het- 
erochromia. 

The second heterochromic individual, dark chinchilla (ch’c) doe 27R1 
(see fig. 28) arose from the same father mated with an unrelated pale 
chinchilla doe (ch! cA). Her left eye was first recorded as a grade 2 blue 
eye but later attained to grade 3. The right eye was like the left in the 
dorsal half of the iris, but the remainder was unmistakably a grade 4 when 
first classified and at maturity was an intense and uniform brown, almost 
black. By pedigree this animal was known to be heterozygous for albi- 
nism, which fact was confirmed by a mating with male 71N2, a blue-eyed 
dark chinchilla of grade 1 eye color. This mating resulted in three out of 
nine offspring which were albinos. None of these were heterochromic. 

The case of 8613 might be regarded as a mosaic of the type described by 
Castle (1929) of the blue and black mosaic in the rabbit, or the case described 
by Pincus (1929) of a chocolate and black mosaic in the mouse. In both 
of these cases the mosaic individuals were found to be heterozygous, the 
one for black and blue, the other for brown and black. My animal 8613 
was found to be heterozygous for dark and pale chinchilla and the mosaic 
eye might be explained as a mosaic condition of the brown and blue eyes 
of these respective types. 

The second case, however, that of 27R1 can not be explained in this 
manner. She is indeed heterozygous for albinism, but albinism, as we have 
seen, does not transmit the allelomorphic eye colors, but only their modi- 
fiers. While a portion of this eye at maturity is to be described as very 
dark brown or black, previous records show that it has unmistakably 
behaved throughout its development as a modified blue eye, one portion of 
which is a grade 5 or pseudo-brown, while the other portion and the left 
eye are of grade 3. Hence the mosaic in this case is not of albino allelo- 
morphs, but of the modifiers, which we have seen are transmitted by 
albino gametes as well as by chinchilla and full-color gametes. 

Referring again to the mosaic eye of female 8613 it will be noted that the 
self-colored eye was first recorded as a gray-blue and was later classified 
as a very light brown. This slow transition from gray-blue to very light 
brown is characteristic of those eyes of light (ch?) and pale (ch!) chinchillas 
known to bear the minimum of iris modifiers. The same situation is also 
found among ch? ch! heterozygotes which by pedigree could only bear the 
minimum of iris modifiers. The pedigree of 8613 was not such as to defi- 
nitely classify her as of this type, but her father was a grade 3 male which 
has been the sire of several grade 1 blue-eyed dark chinchillas and the 
mother was recorded as having a medium to light brown eye. A litter mate 
of 8613 is also recorded as being a grade 1 blue-eyed dark chinchilla. It 
seems probable therefore that the heterochromic eye of 8613 is also to be 
explained like that of 27R1 as a mosaic distribution (somatic segregation) 
of the genetic factors which modify the intensity of pigmentation of the 
front surface of the iris. 
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A third heterochromic iris is pictured in figure 27. The two eyes of this 
animal, dark chinchilla female 14A1, were similar to each other. Each 
shows a sector of the blue eye of White Dutch at the bottom, above which 
on each side is a sector of pseudo-brown iris of dark chinchilla which gradu- 
ally gives way dorsally to a sector of grade 3 pigmentation. The parents 
of this animal, which is a dutch marked rabbit of grade 9 (see plate 1, 
Part 1, this publication), were both nearly self-colored, showing only white 
toenails on the front feet as evidence of the White Dutch which they seem 
to have carried. The mother in this case was a half sister of 27R1 by the 
same sire and both parents were of a grade 3 eye color. 

At the present time adequate test has not been made to determine _ 
whether or not this mosaicism extends to the germ cells. However, it 
seems hardly possible that three individuals as closely related as these three 
could bear such a striking irregularity by chance alone. The presence of 
the White Dutch sector of the iris in 14A1 is explicable from the homozy- 
gosity of White Dutch in this animal (Castle 1926). From this animal 
alone we might attribute the heterochromic condition of the dorsal part 
of the iris to the influence of the White Dutch gene. However, 27R1 and 
8613 are not known to carry this gene as is also the case of 81B1, their sire, 
so that the mosaic condition of their eyes can hardly be due to its influence. 
Somatic or germinal, an adequate explanation of this irregularity seems to 
be directly dependent upon an understanding of the inheritance of the 
normal variation in pigmentation of the front surface of the iris. Experi- 
ments are now in progress which it is hoped may throw additional light upon 
both of these problems. 


HISTOLOGICAL STUDY OF GRADES OF EYE COLOR 


It has been shown that the blue eye of dark chinchillas may be masked in 
varying degrees by the development of brown pigment in the anterior wall 
of the iris. A corresponding development of pigment in the other types of 
chinchillas or in animals of full color causes similar variation in the depth 
of eye color, though it does not change its quality, since all such types are 
brown-eyed. It may be assumed that the same genetic agencies are oper- 
ative in both cases since segregation occurs in like fashion of different 
intensities of brown eye and of different degrees of modification of blue 
eye. 

A comparative histological study has been made of the pigmentation of 
the iris in eyes of various types including full color in both dark and light 
shades, pale chinchilla (ch!) in both dark and light shades and dark chin- 
chilla (ch?) in grades 2 and 4 of the modified blue eyes. See figures 20 to 
25. No study has yet been made of the eyes of light chinchillas (ch?). 

In preparing the eye for histological examination, the procedure has been 
to remove and fix it entire. A slight incision was made with a pair of fine 
scissors through the sclera and choroid into the posterior chamber so that 
the fixative may readily penetrate to the interior of the eye. It was not 
found practicable to imbed the entire eye because of its large size. There- 
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fore an incision was made in the region of the ciliary body, opposite the 
third eyelid, for the purpose of later orientation at dissection. Several fixa- 
tives have been tried, including Zenker’s and Bouin’s fluids and formol- 
acetic. The last named, suggested to me by Dr. A. B. Dawson, consists of 
95 parts of 10 per cent formalin and 5 parts glacial acetic acid. This 
appears to cause a slight degree of swelling, enabling better perception of 
the processes of the fibroblasts. 

When the eye was removed from the fixative, it was run up to 70 per cent 
alcohol. Before going farther the eye was divided into two parts, an ante- 
rior portion including the cornea, iris, ciliary body and a small portion of 
the retina, choroid and sclera; and a posterior part including the most 
of the retina, choroid and sclera and the optic nerve. The anterior portion 
was then divided into four sectors, which were imbedded separately in 
paraffin by the usual histological methods and sectioned in such a way as to 
give radial sections of the iris. The dorso-ventral radii do not make pos- 
sible an accurate estimate of the pigmentation of the iris because in both 
light chinchillas and pale chinchillas there is a distinct difference in the pig- 
mentation of the dorsal and ventral sectors of the iris. Accordingly the 
lateral segments were the ones studied. Sections were cut 10, thick and 
were lightly stained in Delafield’s Hematoxylin and counterstained with 


eosin. 
FULL COLOR 


In the eyes of full-colored animals of both dark-brown and light-brown 
shades, the two layers of retinal epithelium are so filled with pigment that 
all details of cell structure are obscured (see figs. 20 and 21). 

In the iris of the dark-brown eye the stroma, which consists of a vascular 
loose connective tissue, has many branched chromatophores scattered 
about irregularly but especially concentrated at the front surface of the 
stroma in such a way as to form a thick wall of pigment. Most of the 
branched chromatophores of the stroma mass are less intensely pigmented 
than those of the anterior margin, which makes them appear brownish 
instead of intense black as are those at the margin. 

In full-colored animals having a light-brown eye (see fig. 21) there isa 
smaller number of pigmented chromatophores at the surface of the iris and 
a less intense pigmentation in agreement with the macroscopic observa- 
tions on living animals. Branched chromatophores in the stroma mass 
are comparatively rare. The retinal epithelium and choroid are about the 
same as in animals with a dark-brown eye. 


BLUE-EYED DARK CHINCHILLA 


In blue-eyed dark chinchillas of both grade 2 and grade 4 (see figs. 22 and 
23) the retinal pigmentation is slightly less than in animals of full color. 
Here and there can be distinguished nuclei and other cell structures which 
in the eyes of full-colored animals are entirely obliterated. This is repre- 
sented in the photomicrographs of Plate 5 by the slightly broken appearance 
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of the retinal epithelium, whereas in a full-colored iris it is a solid black. 
The stroma contains only occasional branched chromatophores within which 
the pigment appears less dense and less closely packed than in the eyes of 
full-colored animals. Both grades 2 and 4 have branched chromatophores 
at the surface in which the pigment is intense and closely packed. These 
chromatophores tend to clump and grade 4 differs from grade 2 only in the 
tendency for the clumps to be larger, more numerous and to run together. 
The smaller and less numerous clumps of grade 2 leave large unpigmented 
areas which appear blue in the living animai. 


PALE CHINCHILLA 


This type (see figs. 24 and 25) differs from full color and dark chinchilla 
in having a marked reduction of the pigmentation in the retinal epithelium 
and choroid. Nuclei and other details of cell structure may readily be 
seen. The light-brown eye of pale chinchilla differs from very light-brown 
eyes of the same type chiefly in the greater number of branched chromato- 
phores on the front wall of the iris and in the greater intensity of their pig- 
mentation. In figure 24 the intensity of pigment at the front surface of 
the iris appears nearly as great as in the blue eyes of figures 22 and 23. In 
no case, however, is the pigmentation of the pale chinchilla as intense or 
as compact as in dark chinchilla, but it is more diffuse and brownish, and 
as shown in figure 24 the chromatophores appear to stand on end rather 
than fiat against the surface. In the light-brown eye of pale chinchillas 
the intensity of the pigmentation is about the same at the front surface of 
the iris as in the retinal epithelium. 

On the whole the microscopic examination substantiates the view that 
the variation found in the intensity of pigmentation at the front surface of 
the iris in full-colored and in pale chinchilla animals is comparable to the 
variation found in the front surface of the iris in dark chinchilla animals. 
This anterior pigmentation in blue-eyed animals alters blue to gray or 
pseudo-brown, but in animals of full color and in pale chinchillas it merely 
intensifies light brown to dark brown. The influence of the albino allelo- 
morphs upon the pigmentation of the choroid and retinal epithelium is a 
graded one decreasing regularly from full color to pale chinchilla. But the 
variation in iris color found in the series is discontinuous in the case of the 
dark chinchilla allelomorph which is practically without anterior iris pig- 
ment in individuals with clear blue eyes. Yet in the pseudo-brown modifi- 
cations of blue eye (grades 2 to 5) a certain amount of anterior iris pigment 
isfound. Variation in this is independent genetically of the albino series. 


RUSTY BACK 


Yellow appears to be consistently absent from the coat in the lower mem- 
bers of the albino series (Himalayan and complete albino). Wright (1925) 
found the same to be the case in the guinea-pig and it suggested to him that 
yellow was due to a physiological process which requires for its.realization 
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a higher threshold of the fundamental process necessary to all pigment for- 
mation. Castle (1926) in his study of the chinchilla rabbit noted the fact 
that ‘in the chinchilla the color factor scarcely reaches the threshold for 
the production of yellow pigment.’ In pale chinchillas, yellow is entirely 
absent and so far as | have observed the same is true of light chinchilla. 

In dark chinchillas, yellow is commonly limited to the first pelage in which 
it develops in a well-defined dorsal area. It is this fact together with the 
rusty appearance of the individuals showing most yellow which has sug- 
gested for it the term “rusty back.’’ This rusty or yellow area extends 
from nose to tail, and downward on the sides to a line passing from the eye 
through the hip joint, viewed as the animal sits at rest. Below this line on 
each thigh is found a small spot of yellow, but in the remainder of the coat 
yellow is lacking. In full-colored agouti rabbits two inguinal spots of 
yellow are found, but these do not occur in chinchilla rabbits. Coats, sub- 
sequent to the first, develop less yellow pigment, and at maturity the 
agouti banding of the less intense rusty young becomes a clear white. 
Pelts which are intense rusty when young may often be distinguished in 
the adult coat by an ashy-gray agouti band in place of the pure white. 

Variations in the intensity of yellow in rusty back were early recognized 
and it was found convenient to classify them into four more or less arbi- 
trary types—intense, medium, trace and non-rusty. No special matings 
have been made in the analysis of rusty, but careful records have been kept 
of the grade of rusty involved in all chinchilla matings and their progeny, 
and on these records this discussion is based. While they are not as con- 
clusive as could be desired, they show the more salient hereditary features 
of this character and especially its relation to the albino series. 

Among the early matings of the heterozygous dark chinchillas (ch? ch’), 
were eight in which both parents showed a trace of rusty in the baby 
pelage. The results of these matings are summarized in table 5, mating 
1. Approximately one-fourth of the offspring were homozygous pale 
chinchillas which showed no rustiness. About a third of the rusties were 
medium and two-thirds showed a trace or were non-rusty. ‘The entire series 
might be interpreted as a 1:2:1 distribution of mediwm, trace and no rusti- 
ness, respectively. The absence of rustiness from the pale chinchillas is 
very significant, indicating that it can not develop in that genotype, and its 
distribution in the dark chinchillas suggests that two doses of rustiness pro- 
duce a stronger effect than one. 

Additional evidence of this is found in matings 2 and 3, table 5, in which 
several matings are combined of dark chinchillas showing a trace of rusty 
with albino (116. A similar distribution is here found, indicating that 
the albino male is probably a carrier of rustiness in the heterozygous condi- 
tion, since some of the young show more rustiness than their mothers. The 
data have been divided to show separately the progeny from does hetero- 
zygous and homozygous for dark chinchilla. If homozygosity or heterozy- 
gosity of dark chinchilla is accountable for a part of the variation in rusty 
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back it might be expected that the homozygous females would produce the 
higher grades of rustiness. But deviation, smal! though it is, is in an oppo- 
site direction. 

In mating 4 of table 5 are shown the progeny of several matings inter se 
of dark chinchillas which do not carry pale chinchilla (ch!) and are of the 
gerade trace of rusty back. Though the numbers are small, the resulting 
dark chinchilla offspring also appear to conform to a 1:2:1 distribution of 
medium rusty, trace of rusty and non-rusty. 

When we combine the first four matings of table 5, which are considered 
to be inter se matings of individuals genetically of grade trace of rusty, the 
distribution fits very closely to the expectation of a 1:2:1 ratio, expected 
numbers and probable errors being shown in parenthesis. 

Matings 5 and 6 of table 5 show again the offspring produced by mating the 
F, heterozygous dark chinchillas (ch? ch?) of table 3 with albinos, the young 
being this time classified according to presence or absence of rusty back 
and its grade when present. Again we observe an approximation toa 1:2:1 
distribution, suggesting a cumulative effect of a gene or genes for rustiness. 

As pointed out above, male 116 seems to be heterozygous for rustiness. 
Mated with non-rusty females a 1:1 ratio is to be expected of rusty to non- 
rusty. Mating 7 shows such a distribution with only one doubtful darker 
individual recorded several days after death. 

Further evidence that genetic differences affecting the intensity of rusty 
back are transmitted through albinism is afforded by the data shown in 
mating 8, table 5. Three albino females have been mated with heterozy- 
gous o& 52A1 (ch? ch!), also graded as having a trace of rusty. Especially 
interesting are the offspring of 983A6. Dr. Castle has pointed out to me 
a variation in the intensity of red in certain New Zealand Red rabbits and 
also in ordinary gray rabbits which corresponds with the distribution of 
yellow in rusty back. Fanciers consider the more intense red types of the 
New Zealand Red the most desirable. This doe 83A6 was descended from 
prize winning New Zealand White stock and the white, being an albino 
form of the red, might be expected to transmit some sort of red or yellow 
intensifiers. She did transmit a higher grade of rustiness to her offspring 
than did the other albino does. 

If the albino is able to transmit rusty back it seems reasonable to expect 
that light and pale chinchilla would also be able to carry it, although unable 
to manifest it. Evidence of this is found in the fact that none of the pale 
chinchilla offspring of matings 1, 5, 6 and 7 are rusty, while the dark 
chinchilla offspring of the same parents fall into a regular Mendelian dis- 
tribution of rusty to non-rusty. Proof that pale chinchilla may carry 
rusty has been obtained by mating one of these homozygous pale chinchillas 
o'86F1 with a dark chinchilla doe showing a trace of rustiness when young. 
Eight offspring were obtained, all of which were medium rusty. By a pre- 
vious mating of the same doe with albino 116, six offspring had been pro- 
duced, four of which showed a trace of rustiness while two were non-rusty. 
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Three other types of mating are of interest in this study. In mating 9, 
table 5, is shown the distribution of offspring of medium rusty dark chin- 
chillas mated inter se. It approximates a 3:1 ratio of rusty to non-rusty 
with a deviation possible in random sampling, and includes three individuals 
having a rusty back of higher grade than either parent. 

Much larger numbers are available from matings of medium rusty by a 
trace of rusty (see mating 10, table 5). These also show a range including 
intense rusty young. ‘The probable error is such that the deviation from a 
3:1 ratio in this case can hardly be due to chance. ‘This together with the 
fact that medium rusty does not breed true but throws both higher and 
lower grades of rustiness suggests that the medium rusty condition may be 
a heterozygous one or due to more than one pair of genes perhaps acting in 
a cumulative manner. 

If we assume the medium rusty individuals used in mating 10 to be heter- 
ozygous for each of two such genes and the individual bearing a trace of 
rusty to be heterozygous for one such gene, the expected ratio from such 
a mating would be in the proportion of 1:3:3:1 of intense, medium, trace 
and non-rusty, respectively. The total population in mating 10 approxi- 
mates very closely such a distribution. Too much weight should not be 
attached to this, however, since on the basis of such an hypothesis random 
selection of twelve such medium rusty females would be likely to include 
some individuals which would be homozygous for one of these dominant 
genes as well as for the recessive allelomorph of the other. Study of the 
offspring of each female separately reveals only one individual in these 
matings which failed to produce either a non-rusty or an intense rusty, indi- 
cating it to be of the homozygous type. Only four young belong to her, 
which is too few to place her definitely as of this type. 

Two matings were made of intense rusty chinchillas with those showing 
a trace of rusty. From them two intense, five medium and two having a 
trace of rusty resulted. ‘The numbers are small, but resemble the 1:2:1 
ratio to be expected if the intense rusty parent were homozygous for one 
pair of the dominant genes responsible for rusty back and heterozygous for 
the other pair and the other parent bearing the trace of rusty were heterozy- 
gous for only one of these dominant genes. 

It is also interesting to note that among some forty dark chinchilla off- 
spring of male 34M1 (C ch? Ke) which were raised, all showed some rusti- 
ness, whereas four young produced in the same matings, and which geneti- 
cally must also have been dark chinchillas, though they were in fact white 
coated (ee) animals, showed no trace of yellow, indicating that the expression 
of rusty back is dependent upon the presence of H, that is upon some physio- 
logical process which is lacking in non-extension of black (e). Nine other 
white-coated or non-extended dark chinchillas (ch? ee) have been produced 
from the wide-banded chinchilla race presently to be described. These young 
also show no rustiness, though a high degree of it was manifested by their 
parents. 
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Although it has not been possible up to this time to carry the experiment 
far enough to determine the exact mode of inheritance of rusty back, the 
facts enumerated indicate not only that rusty back in the rabbit is due to 
a physiological process which sets in subsequent to the production of a 
color base, but that this subsequent process is dependent upon at least two 
genes inherited independently of the albino series. It also appears to be a 
process interrelated with the production of black pigment, such as is induced 
by the extension gene. In view of the fact that intense yellow pigment 
distributed similarly is found in full-colored agouti rabbits and in red ones, 
rusty back may be regarded as due to an intensifying gene which is effective 
to produce yellow at a threshold otherwise not reached by the chinchilla 
color gene. 


RELATION OF RUSTY BACK TO EYE COLOR 


Rusty back appears to be similar in type of inheritance to the modifica- 
tions of blue-eye color. Wright (1925) in his study of the albino series of the 
guinea-pig found a tendency for the production of yellow pigment to in- 
terfere with the production of black. Such an effect has not been observed in 
the rabbit. A slight reduction of the intensity of black has been observed 
in non-agouti dark chinchillas which by pedigree were heterozygous for the 
extension gene (He) and so were capable of producing yellow young. Such 
individuals may be genetically rusty, though unable to show it because of 
the epistatic relationships of non-agouti. Deficiency in black on the part 
of chinchillas can not be ascribed to the production of yellow as an alterna- 
tive process since the color gene does not reach the threshold for the pro- 
duction of yellow, except in the production of rusty back. Up to this 
time it has not been possible to test such non-agouti individuals for trans- 
mission of rusty back but if this character were due to an alternative 
process having a tendency to reduce the intensity of black, it seems possible 
that rusty backed chinchillas might have less pigment in the eye than non- 
rusty individuals. A comparison of eye color and rustiness in 158 dark 
chinchillas produced in these experiments shows no correlation to exist 
between the variations in rusty back and the variations in anterior pigmen- 
tation of the iris. 


CHINCHILLA COMBINATIONS 


In the course of these experiments, most of the possible combinations of 
albino allelomorphs have been produced (see table 6). In completing the 
series, three crosses were made, in addition to those already described, from 
which all missing combinations were eventually derived except that of non- 
agouti pale chinchilla combined with Himalayan albinism (aa ch! c*). 
Schultz (1930) has described this as differing from the albino heterozygote 
only in the color of the eye, which is darker. In view of the study of eye 
color which I have made, it seems probable that Himalayan has no greater 
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influence than complete albinism on pigment production when it enters as 
a recessive into combination with pale chinchilla. The difference noted 
by Schultz is more probably due to independent modifying genes. This 
conclusion is supported by a comparison of agouti combinations of both 
albino and Himalayan heterozygotes which have occurred among my crosses. 
Although the presence of agouti in the combination makes the detection 
of differences more difficult, none could be observed. 

Combinations of light chinchilla with Himalayan albinism and with pale 
chinchilla were produced by two special matings. The first mating involved 
a Himalayan male which was known to be heterozygous for brown (b) and 
was also a possible carrier of a modifying gene inducing a grayish belly, 
somewhat similar to if not identical with that found in steel-gray rabbits. 
The offspring consisted of five young — three normal agouti and two non- 
agouti. The individuals of each of these types were respectively similar 
when young to agouti and non-agouti heterozygotes of true albinism. Two 
agouti and one non-agouti young were raised to four months of age and, 
except for a slight grayish belly on the non-agouti individual, appeared to be 
identical with albino heterozygotes of this allelomorph. Slight variations 
were observed from time to time in their coats, which were shown by later 
observations to be due to moult. 

Combinations containing the allelomorph dark chinchilla (ch?) are dis- 
tinguishable from those which contain light chinchilla (ch?) or pale chin- 
chilla (ch!) by the fact that they are darker and do not fade. The only 
known exception is found in animals heterozygous for yellow coat (He) 
which may resemble (ch?) animals in depth of pigmentation. Chinchilla 
animals homozygous for (e) are white coated; apparently this same gene, 
which practically inhibits the production of black pigment when homozy- 
gous in chinchilla animals, also decreases the production of such pigment 
when heterozygous. 

The heterozygous combination of light with pale chinchilla (ch? ch!) was 
produced by mating a light chinchilla female (ch? ch?) with a pale chin- 
chilla male heterozygous for albinism (ch! c). The resulting offspring fell 
into two classes of three individuals each as regards the intensity of their 
pigmentation. The darker animals which show a tinge of sepia in their 
coats, distinguishing them from combinations containing dark chinchilla 
(ch*), are undoubtedly (ch? ch!) zygotes, whereas the lighter class consists 
of ch?ec combinations. A female of the darker class was mated with albino 
o'116 and produced eleven young all pigmented and of two classes. Five 
are of the ch?c heterozygous type, and six are of the ch! c heterozygous type, 
this being the kind of segregation expected and in the expected 1:1 ratio. 

The mother of these young, a non-agouti animal (ch? ch! aa), is very 
similar in appearance to non-agouti dark chinchillas which contain the 
allelomorph ch’, but with this difference, that her black coat shows a tend- 
ency to fade, becoming brownish, whereas that of a ch? rabbit does not. 

The identity of dark chinchilla homozygotes (ch’ ch*®) and heterozygotes 
(ch® c) has been established in test matings with albino male 116. The 
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two types are phenotypically indistinguishable. All non-agouti dark chin- 
chillas heterozygous for albinism have been found to be apparently equal in 
intensity of black to full-colored non-agouti animals. 

The non-agouti form of light chinchilla has been produced in the second 
generation from a cross of a light chinchilla male with albino 2119 pre- 
viously described. It is distinct from dark chinchilla, although the difference 
is slight, being most noticeable on belly and sides, especially at the base of 
the hairs or in the tips of the fur in the baby pelage, where the tempera- 
ture influences are most effective. 

Combinations ch? ch? and ch? ch! are very much alike in appearance, 
though the former is slightly darker, but it would be impossible to dis- 
tinguish between them with certainty unless one had the aid either of indi- 
vidual pedigrees or of test matings with albinos. 

Homozygous pale chinchillas (ch! ch!) have been obtained in both agouti 
and non-agouti combinations from matings inter se of brown-eyed dark 
chinchillas (ch? ch!). Heterozygotes for comparison have been obtained 
from matings with albinos producing ch'ec combinations. The homozy- 
gous type is much darker, as shown by Nachtsheim in the case of the 
“Marder” rabbit. It is scarcely distinguishable in appearance from the 
heterozygous light chinchilla combination (ch?c), but the regional reduction 
of pigment, especially on the sides, characteristic of pale chinchilla is evident. 

Whether Himalayan albinism is completely dominant over the unpig- 
mented type has not been determined. In general, the relation of one 
albino allelomorph to another is one of incomplete dominance of the higher 
over the lower, which would lead us to expect Himalayan albinism to be 
more efiective in a double than in a single genetic dose in causing pigment 
production. 


GENERAL DISCUSSION OF EYE COLOR 


The data presented in this paper constitute evidence of the existence in 
the rabbit of at least three chinchilla allelomorphs, with one of which (dark 
chinchilla) blue eye is associated. Whether blue-eyed dark chinchilla is 
to be interpreted as a seventh member of the albino series of allelomorphs 
in the rabbit, distinct from the gray-eyed dark chinchilla of Castle and the 
brown-eyed dark chinchilla of Nachtsheim, seems doubtful. The evidence 
presented above indicates as probable an interpretation of eye color in the 
chinchilla based upon the primary effect of albino allelomorphs plus the 
action of certain independent modifying genes. 

In table 6 are arranged the combinations of the albino series of allelo- 
morphs in order of intensity of black pigmentation of the coat as deter- 
mined in this study. Presence or absence of yellow and eye color are also 
indicated. The order of intensity of pigmentation in the choroid and 
retina of the eye is the same as in the coat, and this is expressed in the 
color of the pupil, which ranges from black to pink, the last-named color 
being due to the blood alone, unassociated with pigment. 
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As regards iris color, the order of decreasing pigmentation is the same (as 
for the coat) when a maximum amount of anterior pigmentation is present. 
But in the absence of such pigmentation, as shown in table 6, there is a 
break in the series since the darkest coated chinchillas have the lightest 
blue eyes. This is due to a peculiarity of the chinchilla allelomorph, ch’. 

A number of studies of the inheritance of eye color in man have been 
made, the results of which have been summarized by Davenport (1927) 
and Gates (1929). Several analogies may be noted between the inherit- 
ance of blue eye in man and in the rabbit. 

The general conclusions reached by all investigations of eye color in man 
is that blue eye is recessive to brown. Blue-eyed parents have only blue- 
eyed children, but brown-eyed parents may have both blue-eyed and brown- 
eyed children. Exceptions are found, however, as in the studies of Boas 
(1919), Bryn (1920), Gross (1921), Winge (1921) and Diirken (1925) in 
which brown-eyed or duplex eyes have been observed among the children 
of blue-eyed or simplex parents. One explanation which has been offered 
is that parents classified as blue may actually be gray or bear some modify- 
ing genes which in a proper mating would result in eyes of a browner shade. 
Such a situation actually exists in the pseudo-brown eyes of the chinchilla 
rabbit already described. 

Modifiers of iris color occur among human beings as well as in the rabbit. 
Bond (1912) has noted several types of iris pattern and the fact that their 
inheritance is complicated. Bryn (1920) found that no normal blue iris 
was devoid of brown pigment and Gates (1929) reports a similar variation 
among the people of Bergen, Norway, which ranges from very light blue to 
dark brown as do the eyes of chinchilla rabbits. In the Bergen population 
the situation was complicated by the presence of yellow iris pigment which 
is not found in the rabbit. Vogt (see Gates 1929) found that children of 
parents with intermediate eye colors ‘‘are often darker but may be lighter 
than either parent.’”’ Such darker-eyed children were explained by Winge 
as pathological, but they need not necessarily be assumed to be such if 
genes modifying iris pigmentation are assumed to be present, such as are 
found in the rabbit. 

The relationship of hair color to iris color in man as compared with the 
chinchilla rabbit is of particular interest. Brownlee (1913) made a statisti- 
cal analysis of their association, concluding that linkage does exist between 
hair color and eye color. Wright (1918) suggested that there are two kinds | 
of dilution in eye color in man. One genetic factor reduces black both in 
hair and eye, allowing red hair to appear, while another factor reduces the 
pigmentation of the iris without affecting the hair. This is similar to the 
situation in the rabbit, except that red does not appear in the reduction of 
black pigment, so that the situation is not entirely analogous. The red and 
yellow haired albinos of Pearson are also variations not found in the albino 
series of rodents. They may, however, correspond to some genetic combina- 
tion of a variation such as salmon eye of the guinea-pig (Gregory, 1929). 
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The light-haired brown-eyed or black-eyed combinations, several of 
which are reported by Holmes and Loomis (1909), are not explained by 
Wright, but may be explained on the basis of albino allelomorphs corre- 
sponding in nature to pale and light chinchilla. 

In view of the known homologies of unit characters among the different 
rodents and the several similarities between the behavior of eye color in 
man and in the chinchilla rabbit, it may not be out of place to suggest the 
importance of more careful correlation of hair and eye color in future 
human studies. 


WIDE TICKING 


The coat of the rabbit as described by Salaman (1922) and Kleefeld 
(1929) consists of at least three types of hair: (1) long primary guard 
hairs; (2) shorter, finer and much more numerous secondary guard hairs; 
and (8) much shorter, very fine and numerous under-hairs or wool hairs. 
In the cotton-tail rabbit, in the jack-rabbit and in ordinary gray domesti- 
cated rabbits the primary guard hairs are entirely black except for the 
basal end which, like the fur of all dark-colored rabbits, becomes a blue 
next to the skin. The pattern of the secondary guard hairs consists of a 
black tip or apical band, a subterminal agouti band of red or yellow and a 
basal band of black which shades to blue at the base. The under hair in 
color pattern is a duplicate of the secondary guard hair but is shorter and 
very much finer in texture. If one examines a plucked sample of fur or 
blows into the fur of the living animal in which the fur has completed its 
seasonal growth, one finds that the length of the fine wool hairs is such that 
their tips attain only the basal margin of the agouti band of the secondary 
suard hairs. The tips of the fine wool hairs coincide with the black basal 
portion of the guard hairs before they shade off to blue, and thus form a line 
of demarcation between two agouti bands, one on the secondary guard 
hairs and the other on the wool hairs. Any change in the width of these 
bands affects the appearance of the coat. 

In the European rabbit, several mutant types have appeared which affect 
the width of these bands. Non-agouti eliminates them entirely, while 
dark extension in the heterozygous condition narrows them, and when 
homozygous nearly or quite obliterates them. In wild rodents the agouti 
pattern is very common. Its variations from one species to another, or 
from one regional group to another, are considered adaptations of the ani- 
mals for life in particular environments. For example, rabbits living in 
plains and deserts are light in color, blending well with the whites, yellows 
and grays of their surroundings, while rabbits of upland, wooded or humid 
regions are darker in harmony with their surroundings. Close examina- 
tion shows that such differences are due either to a difference in the inten- 
sity of the yellow pigment, or to a difference in the proportion of yellow to 
black in the coat. Very often differences of both sorts are found. 
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Sumner (1930) in stating the results of his numerous studies of the in- 
heritance of sub-specific characters in Peromyscus, extending over a period 
of fifteen years, points to the probable importance of natural selection in 
producing adaptive coat coloration. It is possible that gene variations, 
such as affect the width of the agouti banding in the domestic rabbit pres- 
ently to be described, will account in part for geographic variation in the 
color of wild rabbits. 

In 1929 among a lot of rabbits consigned for market purposes, the writer 
discovered a chinchilla doe which was markedly whiter in appearance than 
the normal chinchilla. Closer inspection showed that this animal was lighter 
because of an increase in the width of the agouti band of the secondary 
guard hairs and under hairs (see fig. 29). Unfortunately the ancestry of this 
animal was unknown, but she was saved and mated to a normal chinchilla. 
Eleven F, offspring from this mating were all normal with no discernible 
variation in width of banding. The peculiar female with two of her daugh- 
ters and a son were brought by the writer to the Bussey Institution in 1929. 
An F. generation produced there consists of 74 normal individuals and 27 
wide-banded ones, which is a close approximation to a 3:1 ratio. The wide- 
banded offspring, like their grandmother, have an agouti banding ap- 
proximately twice as wide as that of the normal agouti coat, with a vari- 
ation in width of band of only 1 or2mm. The narrow-banded individuals 
show little variation from the condition found in their narrow-banded ances- 
tors. The backcross of the F; male with his mother has produced 16 narrow- 
banded or normal agoutis and 17 wide-banded. Wide-banded Fe individu- 
als mated inter se have produced 18 young, all wide-banded. Hence the 
character behaves as a typical Mendelian recessive. About 20 per cent of 
the data of the Fz and backcross matings have been collected from animals 
at birth. It has been found that the wide-banded condition can be dis- 
tinguished from the narrow at 1 to 3 days of age by a “‘bald”’ appearing 
spot upon the top of the head due, probably to the fact that the secondary 
guard hairs of this region are producing no pigment at the time and so the 
spot is devoid of visible hair. Later, as the under hairs begin to form their 
black tips, this spot disappears. 

These data constitute evidence of a new recessive Mendelian mutation in 
the rabbit affecting the agouti pattern. That the responsible gene is not an 
allelomorph of the agouti series is shown by matings of an Fe wide-banded 
male to non-agouti and to black-and-tan females, all of narrow-banded 
ancestry, from which 16 narrow-banded offspring have been produced. 

It seems possible that the survival value of a gene of this nature under 
different environments may in part account for phenotypic differences in 
plains and mountain living forms of the rabbit. An animal bearing the wide 
band would be less conspicuous on a desert or on sandy plains than his 
darker prototype. 
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SUMMARY 

1. Evidence is presented that dark, light and pale chinchilla are inherited 
as three different allelomorphs of albinism and of full color. Dark and pale 
were identified by Castle. Light is probably an allelomorph first recog- 
nized by Kosswig and Nachtsheim, but they were probably mistaken in 
thinking ‘‘Marder”’ distinct from “‘pale.”’ 

2. A comparative study has been made of the intensity of black pigmen- 
tation in various combinations of these allelomorphs, one with another and 
with full color, as well as with Himalayan albinism and complete albinism. 
The series is a graded one in which both coat pigmentation and pigmentation 
of the interior of the eye decrease simultaneously. 

3. Blue eye, which is characteristic of dark chinchilla, is shown to be either 
one of the manifold effects of this allelomorph or due to mutation in a gene 
closely linked with it. 

4. A variation in the intensity of pigmentation of the front surface of the 
iris is found to be due to two or more modifying genes inherited independ- 
ently of the albino series. In dark chinchilla the range may be from a 
nearly clear blue through gray to pseudo-brown; in light and pale chinchilla, 
from light gray or translucent brown to dark brown; and in full color, from 
light gray brown to a very dark brown almost black. 

5. Two genetic influences are therefore of primary importance in deter- 
mining eye color in the rabbit. The first of these, the albino allelomorphs, 
determine an orderly and graded series of intensity in the coat and in the 
choroid and retinal epithelium of the eye and are responsible for the pres- 
ence or absence of the red glow of the pupil by reflected light common to 
albinotic forms. They also determine a series of stages of decreasing iris 
pigmentation, parallel with that of coat color and retinal pigmentation, ex- 
cept in the case of the dark chinchilla allelomorph (ch*) which has an iris 
lighter than those of the lower allelomorphs (ch? and ch!) when no modi- 
fying genes interfere. 

The second influence on eye color is that of independently inherited modi- 
fving genes affecting pigmentation only in the iris. 

6. Three cases of heterochromia iridis are described which are probably 
to be explained as irregularities in the behavior of the genetic factors which 
modify the pigmentation at the front surface of the iris. A satisfactory 
explanation of these is dependent upon a more complete analysis of these 
factors. 

7. Yellow which is scarcely able to come to expression in the chinchilla is 
manifested in “rusty back.” This is a regional development of yellow in 
the baby pelage of dark chinchillas. It is inherited independently of the 
albino allelomorphs since it may be transmitted through pale chinchillas 
and albinos in which it is not manifest. It is possible that two factor pairs 
are involved which act in a cumulative manner. Rusty back is not found 
to be correlated with the modification of iris pigmentation, though inherited 
in much the same manner. | 
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8. Certain analogies are indicated between the inheritance of blue eye in 
the chinchilla rabbit and in man. 

9. A new variation is reported for the first time, consisting in an increase 
of the width of the agouti band on the secondary guard hairs and wool hairs. 
This behaves as a simple Mendelian recessive to normal band. It is not an 
allelomorph of the agouti gene. 
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SAWIN PLATE 1 


Fig. 1—Blue-eyed dark ehinchilla (ch°). 

Fig. 2—Pale chinchilla. Note the less intense black on back and brown 
eye as compared with dark chinchilla, figure 1. 

Fig. 3—Dark chinchilla (ch?) with gray eye (grade 4 modified blue eye). 
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Fig. 4—Non-agouti dark chinchilla (aach*) with a clear blue eye (grade 1). 
Note intense black pigmentation of fur. White hairs are a form of silvering 
due to genes not involved in this experiment. 

Fig. 5—Non-agouti dark chinchilla (aach’) with a clear blue eye (grade 1). 
Note intense black pigmentation of fur. 

Fig. 6—Non-agouti light chinchilla heterozygous for albinism (ch?c). 
Note darker eye and !ess intense black coat than in figure 5. Lighter spots 
on back and sides are due to old unshed fur and show tendency of coat to 
fade. ‘This tendency is not found in dark chinchilla (ch). 
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Hig. 7—“Marder” rabbit from Germany presented by Dr. Hans Nacht- 
sheim. a 

Fig. 8—Non-agouti pale chinchilla (or sable) heterozygous for albinism 
(ch'c). Note intensely pigmented extremities (nose, ears, feet and tail) and 
close resemblance to ‘“‘Marder’”’ (fig. 7). 

Fig. 9—Non-agouti individuals (age about 3 months) of three types of 
chinchilla. Note different intensity of pigment in coat of each. Individual 
at left is of genotype ch’c, one in middle is a ch?e genotype, and one at 
right is a chile. 
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Ita. 10—Hye of the White Dutch race of Castle. Note entire absence of pigment 
from front surface of iris. 

Fria. 11—Eye of the Vienna White race of Castle. Pigment is entirely absent 
from front surface of iris, as in White Dutch (fig. 10). 

Fig. 12—Grade 1 blue eye of a dark chinchilla (ch’). Small amount of pigment 
is present in small flecks in front surface of iris. 

Fre. 13—Grade 2 modified blue eye of dark chinchilla (ch*) or a gray eye. 

Fre. 14—Grade 3 modified blue eye of dark chinchilla (ch®), also a gray eye, but 
with a greater amount of pigment. 

Fia. 15—Grade 4 modified blue eye of dark chinchilla (ch). 

Fig. 16—Light gray or translucent brown eye of light chinchilla (ch?) comparable 
genetically to grade 1 blue eye of dark chinchilla. 

Fie. 17—Dark brown eye of light chinchilla (ch?) genetically similar to grade 4 or 
5 blue eye of dark chinchilla. 

Fie. 18—Light gray-brown eye of full-colored rabbit comparable with grade 1 blue 
eye of dark chinchilla. 

Fira. 19—Dark brown eye of full-colored rabbit genetically similar to grade 4 or 5 
blue eye of dark chinchilla. 
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PLATE 5 


Fies. 20 to 25—Sections of iris of various albino allelomorphs, arranged in each ° 
case with anterior surface of iris at top. Microphotographs. 


Fre. 20—Full color, dark brown eye, with maximum amount of pigment on front 
surface of iris. Retinal epithelium is intensely packed with dark pigment granules. 
Numerous highly branched chromatophores are seattered throughout iris stroma 
and especially around blood-vessels and at front surface of iris. 

Fig. 21—Full color, light brown eye with maximum amount of pigment on front 
surface of iris. Retinal epithelium of iris is also thickly packed with dark pigment 
granules. Fewer branched chromatophores are found at front surface and stroma 
is comparatively free from pigment. 

Fig. 22—Pseudo-brown eye of dark chinchilla (ch?), with maximum amount of 
pigment on front surface of iris. Pigmentation of retinal epithelium is slightly 
reduced as indicated by its interrupted character. Stroma is comparatively free 
from pigment except some highly branched chromatophores at surface of iris. Note 
tendeney of chromatophores to clump, with unpigmented areas between. 

Fig. 23—Grade 2 modified blue eye of dark chinchilla (ch*), with a minimum of 
anterior iris pigmentation. Clumping of chromatophores is clearly shown with 
much larger unpigmented areas between, resulting in blue of lower grades of blue 
eye in living animal. 

Fig. 24—Light brown-eyed pale chinchilla. A maximal amount of pigment is 
seen at front surface of iris. Note tendency for processes of chromatophores to run 
at right angles to surface of iris. A greater tendency is also shown for production of 
pigment in branched chromatophores throughout stroma though much more diffusely 
than in full color. Pigmentation of retinal epithelium is greatly reduced. 

Fig. 25—Very light brown eye of pale chinchilla with a minimal pigmentation 
throughout entire iris. Front surface has practically no pigment, and retinal epi- 
thelium is small in amount. 


Abbreviations: 


A, anterior surface of iris 
S, stroma 
RE, retinal epithelium 
C, branched chromatophores 
B V, blood-vessel 
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PLATE 6 


Fic. 26—A scale of grades of intensity of pigment seen on front wall of iris sur- 
rounding pupil. Grade O shows total absence of pigment as in eye of ‘White 
Dutch” (Castle, 1926) and Vienna White. Grade 1 is condition found in clearest 
blue eyes of dark chinchilla (ch?) individuals. Grade 5 is “‘pseudo-brown,’’ most 
extreme modification of blue eye, and grades 2, 3 and 4 are intermediate types. 

Fic. 27—Heterochromie iris of Dutch marked dark chinchilla female 14A1. 
Ventral sector is blue of White Dutch. Dorsal sector is dark chinchilla blue eye of 
grade 3 and lateral sectors are pseudo-brown, 

Fig. 28—Heterochromic eye of dark chinchilla (ch?) female 27R1. Ventral sec- 
tor is pseudo-brown, dorsal sector is of a grade 3 modified blue pigmentation. 

Fig. 29—Hair samples from individuals concerned in cross between narrow- 
banded and wide-banded chinchilla rabbits; P1, narrow-banded at left, wide- 
banded at right; F1, all narrow-banded; F2,a3:1 ratio of narrow-banded to wide- 


banded. 
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